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THE LOCOMOTIONS OF SURFACE-FEEDING CATER- 
PILLARS ARE NOT TROPISMS. 


C. H. TURNER, 


SUMNER HIGH SCHOOL, Sr. Lours, Mo. 


PRELIMINARY OBSERVATIONS. 

While collecting cherries from a tree a large number of apple- 
tent caterpillars were thrown upon the ground. Later several 
of these were noticed climbing the trunk of the tree. They con- 
tinued onward and upward; some to the top of the tree and others 
to certain branches. Near the tree was a rustic chair, the top 
of the curved back of which was separated from the trunk by 
about three inches. Several caterpillars climbed the back of 
this chair. When they reached the top, they would elevate the 
front portion of the body, wave it back and forth and around for 
a few minutes and then proceed down the opposite side of the 
curved arm. Sometimes the insect would turn about and 
retrace its steps. These observations suggested two questions. 
Are these caterpillars guided by a negative geotropism? If so, 
why did those that had reached the top of the chair descend? 


TECHNIQUE. 

These experiments were performed upon a wooden vertical 
maze (Figs. 1, 2) and a copper horizontal one (Fig. 3); both of 
the open type. The former was used in the field and the latter 
in an out-door insectary. 

The vertical maze (Figs. 1, 2) consists of a cylindrical post 
about four feet tall and an inch and a half in diameter, to which 
are attached five adjustable rectangular arms. Some of these 
arms are straight and unjointed; others are formed of three 
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straight sections so articulated as to form an arm with three 
adjustable sections. The straight arms and the sections of the 
longer arms are all of the same length. The adjustments of the 
arms make it possible to set each and every one at any desired 
angle to the pull of gravitation. The lower pointed end of the 
post was erected in loose soil in such a manner that, by rotating 
the post on its axis, it was possible to vary the position of any arm 
with reference to either the direction of the rays of the light or 
the path of the wind. 

The copper horizontal maze (Fig. 3), which was supported on 
slender glass pillars, had one of its central alleys connected with 
the supporting table by means of a cardboard incline two inches 
wide and thirty inches long. It was so located that the strongest 
light came from one side. 

The point of view expressed in this communication was ob- 
tained by a critical study of 1,000 caterpillars of the apple-tent 
moth, Malocosoma americana Fab., 300 of the cabbage butterfly, 
Pieris rape Linn., fifty of the white tussock moth, Memerocampa 
leucostigma A. & S., and a few individuals of the young of each 
of a large number of species of butterflies and moths collected 
from the surfaces of a large variety of food plants. Throughout 
a summer practically every kind of surface-feeding caterpillar 
that a diligent search of the vicinity of St. Louis yielded was 
put to the test. Among those tested were the flat slug-like 
Lyncenide, the elongated Papilionide and Pyralide. and the 
fusiform Hesperiide; the naked Noctuide, the hairy Arctiide, 
and Liparide, and the bristly and spiny Ceratocampide and 
Nymphalide; the Notodontide with their erect anal somites 
and the Sphingidz with their oblique stripes and caudal horns; 
the grotesque Saturniidz and the looping Geometride. 


EXPERIMENTS WITH THE VERTICAL MAZE. 


To facilitate description, the parts of the vertical maze were 
named as follows: The upright was called the post; each straight 
arm and: each section of a jointed arm was given a distinctive 
letter. Thus (Fig. 1) the first arm above the ground was called 
abc, the second, def, the third j, the fourth g and the fifth A. 

In the first few hundred experiments with the tent-caterpillars 
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the arms of the maze were arranged in a variety of ways. In 
the latter experiments with them and in the experiments with 
all others the maze was arranged as in Fig. 2; but, the bands G 
and H were used only on special occasions. In some of the 
experiments the plain maze was used; in others one or two odorous 
bands of filter paper were attached to certain portions of the 
maze. In experimenting one or more caterpillars were placed 
on the ground at the foot of the post, or else upon the top of the 
post, or on some intermediate portion of the maze. 

When placed on the ground at the foot of the plain maze, the 
tent-caterpillar almost invariably letisimulated. In the first 
few experiments with the tent-caterpillars, on recovering from the 
feint, the larva moved toward and up the post. If its initial 
movements were away from the post, after a few steps it turned 
about and moved towards the maze. This striking behavior 
recalled some experiments by which H. B. Weiss! discovered 
that certain water insects when turned loose several yards from 
their home, would immediately go directly to the pond. It 
looked as though these caterpillars were being mechanically led 
to the post. To test the matter, a series of experiments, extend- 
ing over several days, were performed. In these experiments 
precautions were taken to see that the heads of the caterpillars 
pointed in a variety of directions. In some cases the majority 
of the larve moved towards the post, in others the majority 
moved away from the post, in yet others about as many went 
away from the post as toward it. Evidently the behavior noticed 
in the first experiments was merely a coincidence, the uniformity 
of which may have been due to some factor which escaped ob- 
servation. 

Once upon the maze, each caterpillar displayed marked indi- 
viduality. It might continue all the way to the top of the post 
without mounting any of the arms; it might, on its way up, ex- 
plore a few or all of the arms; or it might turn about before reach- 
ing the top and return to the ground. At intervals it was sure 
to pause and reach upward and outward with the front end of its 
body and move it, in a wabbly manner, from side to side. [For 


! Notes on the Positive Hydrotropism of Gerris marginatus and Dineutes assimilis. 
Canad. Entom., Vol. XLVI., pp. 269-271. 
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brevity throughout this discussion this form of behavior is called 
exploring movements.] Should it reach the top, it might en- 
circle it, pausing now and then to make exploring movements; 
or it might rest there for a long stretch of time. However, it 
would be more apt to descend the post, pausing now and then to 
make exploring movements. It might continue along the post 
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to the ground; but it would be more apt to make side trips to 
one or more of the arms. Often the same arm would be traversed 
several times. Finally it would rest for an indefinite length of 
time upon some part of the maze, or else reach the ground. Some 
caterpillars would leave the post permanently as soon as they 
reached the ground the first time. Others would remount the 
maze and explore it one or more times before leaving. The 
transcription of the field notes of two cases will illustrate the 
above description. 

A tent-caterpillar about one inch long is placed on a maze 
arranged as in fig. 1; but without the band G. Ascending in a 
sinuous path, it passes around the bases of a and d, over the base 
of j and around the foot of g and h to the top of the post. The 





LOCOMOTIONS OF SURFACE-FEEDING CATERPILLARS. I4I 


unhesitating manner in which it continues up and up is enough 
to rejoice any stanch believer in negative geotropism as the 
guiding power. Frequently pausing to make exploring move- 
ments,' it encircles the top a couple of times and then descends 
to h. It moves along h to its tip, makes exploring movements, 
returns to the post, descends to e, pausing several times to make 
exploring movements. It passes along ¢ to f, makes exploring 
movements, descends f to its tip and makes exploring movements 
towards c. It reascends f to e, makes exploring movements, and 
returns to the tip of f. It makes exploring movements and then 
moves across the gap to c. It moves along c to J, along } to a 
and down a to the post. After making exploring movements, it 
encircles the post halfway, descends to the ground, moves off 
about three feet and rests indefinitely. 


In this experiment, the subject of which is a tent-caterpillar, 
the arms j, g, # extend obliquely upward, on the left side of the 
post, at an angle of thirty degrees; d extends horizontally to the 
right; e, almost vertically upward, and f, almost horizontally 


back to the post; a extends obliquely upwards toward the left, 
at an angle of thirty degrees; b, horizontally towards the left; 
and c, obliquely upward, at an angle of about thirty degrees. 
Following a path which is sometimes straight and sometimes 
spiral, the caterpillar continues upward until it reaches g, which 
it ascends to the tip. There it spends several minutes making 
exploring movements; then descends g to the post and crawls 
up it to the top. It goes about half way around the circumfer- 
ence, then crosses over to the opposite side and descends the 
post. Pausing occasionally to make exploring movements, it 
continues downward to #. It ascends / to its tip, crosses over 
to the opposite side and returns to the post. It continues down- 
ward an inch, rests a few minutes. Occasionally pausing to make 
exploring movements, it continues spirally downward to g, which 
it ascends for about four inches and upon which it rests quietly 
a few minutes. Returning to the post, it continues downward 


1 When a caterpillar reaches the end of branch or twig, when it encounters an 
angle or an obstacle, and sometimes for no visible reason, it pauses, elevates the 
front portion of its body, stretches it forward and upward (sometimes slightly 
downward) and waves it with a wabbly movement. For the sake of terseness in 
descriptions, this form of behavior has been called ‘‘exploring movements.” 
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to j, makes exploring movements, moves up and down j several 
times and then returns to the post. In a sinuous line it con- 
tinues down the post to d, which it mounts. . Returning to the 
post, it continues downward to a, which it mounts, makes a few 
exploring movements and, returning to the post, continues 
downward to the ground. It then reascends the post a few 
inches and rests a few minutes. It continues upward to d, moves 
out d to e and rests thereon indefinitely. 


If one may speak of types where there is so much individuality, 
the above descriptions may be considered typical of the many 


hundred of records. There were, to be sure, specific variations. 
Some species were sluggish and others rapid, some were vigorous; 
others fatigued quickly, some were persistently seeking a solution 
of the difficulty, others rested at frequent intervals and for long 
lengths of time, or else made practically no attempt to solve the 
problem; some letisimulated for a long period when placed at the 
foot of the maze, others began to climb at once. All these, how- 
ever, are but minor variations, the essentials are as stated above. 

When a caterpillar is placed on top of the post, either im- 
mediately or after a slight letisimulation, it moves down the 
post; making the same variety of random movements as are made 
by those caterpillars that are placed at the foot of the maze. 

When a caterpillar is placed on one of the arms of the maze, 
either with or without a preliminary letisimulation, it soon reaches 
the post. There it may either descend or ascend and make the 
same type of random movements as is made by caterpillars 
placed at the foot of the maze. 

As a variant, one or more bands of filter paper, saturated with 
oil of cloves or oil of cedar, were attached to the maze at G and 
H, as indicated in Figs. 1 and 2. When one scented band was 
used the caterpillar was placed either at the foot of the maze or 
on its top. Whenever the insect reached the scented band, it 
made exploring movements and then retreated. Otherwise its 
behavior was the same as that of a caterpillar on a plain vertical 
maze. 

Where two scented bands were used (Fig. 2), the caterpillar 
was always placed on the maze between the two bands. The only 
way for the captive to escape to the ground, without crossing a 
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scented band, was to cross the gap between f and c and proceed 
along cba to the lower portion of the post. Roaming at random 
to and fro over the maze, pausing from time to time to make 
exploring movements, retreating whenever it encountered a 
scented band, sooner or later the caterpillar would usually cross 
the gap between f and c and escape along cba to the lower post 
and thence to the ground. Occasionally a caterpillar would drop 
from the maze to the ground; in a few cases, after a few move- 
ments, it would rest indefinitely in one place; in less than one 
per cent. of the cases, the insect would escape across the scented 
band. In these cases the band had not lost its odor; for immed- 
iately thereafter another caterpillar, on reaching the same band, 
would retreat. Even the same caterpillar, on being replaced 
between the bands, would retreat from the band across which it 
had recently escaped. 

A transcription of the record of one experiment will illustrate 
the behavior under these conditions. The specimen isa tent- 
caterpillar and the maze is arranged as in Fig. 2. The bands 
G and H are moistened with oil of cedar. It is between three 
and four in the afternoon and the maze is situated in the shade of 
trees; but, here and there, blotches of sunlight touch it. The 
caterpillar, which is placed near j, ascends the post until it 
reaches the band G. There it makes exploring movements and 
retreats down the post. On reaching j, it partly explores it, 
then returns to the post, and continues downward to e. It 
moves along e to f, makes a few exploring movements, descends 
f and crosses the gap toc. Returning to f it ascends f to e and 
then retreats to the lower end of f. After making exploring 
movements, it crosses the gap to c, moves along cba to the lower 
portion of the post and thence to the ground. The caterpillar 
as returned to its former position between the two bands. It des- 
cenids to the band H, makes exploring movements and retreats 
up the post. It mounts 7, and, after making exploring movements, 
returns to the post and descends to H. After making exploring 
movements, it encircles the post and ascends to e. It mounts 
e, then returns to the post and continues upward to the band G. 
After making exploring movements, it descends to j, makes 
exploring movements, returns to the post and continues down- 
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ward to e. It moves across to f and back to the post. After 
ascending the post a short distance, it returns to e, passes along 
e to f, climbs down f to its end and makes exploring movements. 
It then ascends f to e, passes along e to the post and ascends it 
to the band G. After making exploring movements, it descends 
to e, passes along e to f, where it rests several minutes (in the 
bright sunlight). It then descends f to its end and reascends it 
toe. Then descending f, it passes across toc, passes along c to } 
and then retreats ds far ase. It makes three trips back and forth 
between e and f and then passes from e to the post, and up it to 
band G. Avoiding the band, it encircles the post about three 
fourths its circumference and then falls to the ground 

With the tent-caterpillars these experiments were conducted 
either in the shade, or in shady places that were spotted with 
sunlight that had filtered through the trees. With many of the 
others the experiments were conducted in the bright sunlight. 
An accerelation of movements and an apparent tendency to 
climb or descend the shady side of the post were the only dif- 
ferences noted in the behavior of the caterpillars under these 
conditions. 


EXPERIMENTS WITH A HORIZONTAL MAZE. 

The maze used has (Fig. 3) been fully described in Vol. XXV, 
pp. 348-349, of the BloLoGicaL BULLETIN. A cardboard incline 
thirty inches long and two wide connected one of the interior 
alleys of the maze with the supporting table. Eight inches of 
this incline extended above the maze (Fig. 3). This gave each 
caterpillar that arrived at the incline a choice of two pathways; 
one passing obliquely upwards, the other obliquely downwards 
The maze was plaeed in an out-door insectary, all the light of 
which came through the netting covered north side. In the 
earliest experiments two caterpillars were used at a time, and 
they were so located that they would be forced to approach the 
incline from opposite directions. ..ater, when attention was 
focused upon the behavior of the caterpillar when coming in 
contact with the incline, twelve to fifteen insects were used at a 
time; and they were placed on various parts of the maze. 

Although the insects displayed great individuality, the be- 
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havior in all cases was similar. They moved at random about 
the maze; roaming into blind alleys and out again, often retracing 
their steps when in the right pathway, and frequently pausing 
to make exploring movements. The rays of light were crossed 


at every possible angle. When a gentle breeze was blowing, 


there was not the slightest indication of an anemotropism. 
There was one striking uniformity. Whenever a caterpillar 
came in contact with incline for the first time, it practically in- 
variably ascended it.' This happened when the contact was 
made where the edges of the maze and incline came in contact, 


and also when the exploring movements of the insect brought 
it in contact with some portion of the incline that was higher 
than the maze. After once mounting the incline the caterpillar 


1 Only twice during the summer, did a caterpillar descend the ineline upon its 
first contact with it. 
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would often return to the maze, roam around and then remount 
theincline. With a few exceptions, the caterpillar finally reached 
the table and departed. In a few cases it reascended the incline 
after reaching the table, and in yet fewer cases the caterpillar 
finally rested indefinitely upon some portion of the maze. 

In spite of the individuality, there were four things common to 
the behavior of all of the caterpillars placed on the horizontal 
maze. (1) The caterpillars usually traveled along the edges of 
the maze, instead of along the middle of the roadway. (2) At 
frequent intervals the creature would stop, cling to the maze 
with its prolegs, stretch the front part of the body forwards and 
dorsalwards and wave it about in a wabbly manner. (3) On 
reaching the incline for the first time, it practically invariably 
moved upwards. (4) In all cases the locomotions were random 
movements. Any interpretation of the behavior on the maze 
must be in harmony with these four factors. The first and the 
third are the only ones suggesting that the reactions of these 
caterpillars are tropisms. The almost constant clinging to the 
edges of the maze suggests some form of a positive thigmotro- 
pism; the invariable ascension of the incline upon its first en- 
counter seems to predicate a negative geotropism 

If the clinging to the edges of the maze is indicative of a posi- 
tive thigmotropism, why does not the caterpillar: show a pro- 
nounced tendency to linger in the many angles of the vertical 
maze? Why does it not rest indefinitely in the angle between 
the upper portion of the cardboard incline and that alley of the 
horizontal maze upon which it rests? Would it not be more 
consistent to believe that the caterpillars move along the edge 
because they secure a better foothold there than upon the smooth 
surface of the copper maze? 

The fact that the incline was invariably ascended when first 
encountered requires critical analysis. An examination of the 
notes made at the time of the experiments shows that whenever 
the caterpillar upon the maze came in contact with the incline 
its head was directed towards its upper edge. A thoughtful 
consideration of the physical conditions of the horizontal maze 
used and of the normal movements of a caterpillar on the maze 
shows that such a condition is inevitable. Should a caterpillar 
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be beneath the upper portion of the incline and elevate the an- 
terior portion of its body to make the exploring movements which 
invariably accompany near contact with a change in its environ- 
ment, it would be almost certain to touch the incline, and its head 
would inevitably be pointed towards the upper edge of the in- 
cline. Should the caterpillar approach the incline where one of 
its edges touches the maze and make the usual exploring move- 
ments what would happen? If it moved its uplifted body in- 
wards it would come in contact with the incline and its head 
would be directed towards the upper edge of the incline. Should 
it move its body outwards, since the incline descends abruptly, 
the caterpillar would come in contact with nothing and would 
then wave its body inward. Should the sweep be sufficiently 
long, the caterpillar would surely come in contact with the in- 
cline and its head would be pointed towards its upper edge. 
This suggests that it is not necessary to predicate a negative 
geotropism to account for the upward movement of the cater- 
pillar on its first contact with the maze. It simply moves off 
in the direction that its head happens to be pointing when it 
encounters the incline. 

To test the soundness of this conclusion, the following.simple 
experiment was devised. A caterpillar was placed in a long nar- 
row test-tube; which was sufficiently wide to permit freedom of 
longitudinal locomotion, but which was so narrow as to make it 
inconvenienient for the insect to turn around or make exploring 
movements. This device made it possible to induce the cater- 
pillar to come in contact with the incline with its head pointing 
in any desired direction. It was only necessary to wait until 
the caterpillar was moving freely along; and then, after first 
pointing the mouth of the test-tube in the desired direction, to 
bring it in contact with the upper surface of the incline. In more 
than 99 per cent. of the cases, the insect moved off in the direc- 
tion its head was pointing. By means of this device hundreds of 
caterpillars were induced to move downward, upon their first 
contact with the incline. 

This also explains why a caterpillar approaching the vertical 


‘In the few exceptions, I had waited too long and the caterpillar had curved 


its head around the rim of the test-tube before I had brought it into contact with 
the incline. 
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maze from the ground alwavs moves upwards, while one placed 
on the tip of the maze always moves downward. It is not neces- 
sary to postulate a negative geotropism to explain one and a 
positive geotropism to explain the other, and puzzle our brains 
to account for the reversal of the tropic response when the insect 
is bodily transported from one place to the other. The behavior 
is not a tropism. When the caterpillar nears the foot of the 
maze, the exploring movements which it invariably makes when 
it nears a change in its environment would cause it to first en- 
counter the post with its head pointed upwards. When placed 
on the top of the maze, if its movements bring it in contact with 
the side of the post, it will inevitably be with the head of the 
insect pointing downward. In one case the insect ascends, in 
the other it descends; in neither case is the predication of a 
tropism necessary to explain the behavior. 


CONCLUSION. 

Evidently there is nothing about the behavior of surface- 
feeding caterpiilars which warrants the assumption that their 
locomotions are tropisms. The movements made in locomotion 
are identical with those made by animals that learn by the trial 


and error method. Instinctively the caterpillars are physiologi- 


cally attuned to a certain environment. Outside of that en- 
vironment there is physiological unrest. To escape the unpleas- 
antness of its environment, the creature makes random move- 
ments similar to those made by creatures that learn by the trial 
and error method. There is no automatic adjusting of the body 
so as to have it symmetrically stimulated by an external excitant. 
Some internal, instinctive stimulus causes it to move ahead until 
some sensation factor induces it to change its course. If phys- 
iological satisfaction is not obtained, it continues its random 
movements until fatigue causes it to rest. Evidently the loco- 
motions of surface-feeding caterpillars need to be classified with 
trial and error movements rather than with tropisms. 

It must be distinctly understood that nothing stated above 
refers to recently hatched caterpillars, nor to larve immediately 
before entering the pupa state, nor to caterpillars (like the codd- 
ling moth larva) which feed inside of plants. Their behavior is 
left for a future discusions. 





FACTORS INVOLVED IN THE ATROPHY OF THE 
ORGANS OF THE LARVAL FROG. 


WITHROW MORSE.! 


From the Nelson Morris Memorial Institute for Medical Research of the 
Michael Reese Hospital, Chicago. 


PRELIMINARY. 


Throughout the two great branches of the organic realm, in- 
stances are presented where persons, organs or tissues or cells 
themselves undergo retrogressive changes.? In the plant king- 
dom, we have the familiar elimination of stems, leaves and other 
parts of the individual, upon the approach of untoward condi- 
tions. In the animal series, we are enabled to identify an anal- 
ogous process in the protozoa where, in Ameba the ephemeral 
pseudopodia are constantly being absorbed into the protoplasmic 
mass proper; in the species of Actinophrys, where this process of 
absorption is delayed permanently or at infrequent intervals; in 
the genus Trypanosoma, where the undulating membrane be- 
comes absorbed under certain conditions. Similar phenomena 
are observed in the sponges where Maas’s studies have shown that 
hitherto highly differentiated cells become reduced to a more 
typical and fundamental cell-form, the amcebocyte. In the 
Ccelenterata we find the hydranths of Tubular (1) and of other 
species either absorbed or eliminated 7m toto, while in Renilla 
Wilson has described a degeneration of the polyp. The “brown 
bodies’ of the Bryozoa represent degenerated individuals. In 
brachiopods, during the stages of fixation there is present an 
extensive degeneration of parts resembling in a superficial way 
the various changes undergone by the larve of the ascidians. 
In Sacculina we have, facile princeps, this property of involution. 
Even amongst the vertebraves we find instances of important 
degenerations of a natural sort, as in the fish Frerasfer where 
Bykowski and Nusbaum discovered extensive degeneration proc- 
esses when the fish became parasitic. 


1In order to avoid confusion, the author's name will be used henceforth as in 
the title of this paper. 
2? Compare Child, C. M., “‘Senescence and Rejuvenescence.”’ Chicago, 1915. 
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Interesting as these instances are, relatively meagre investi- 
gation has been made as to the causes and factors involved in the 
physiology of the process. On the other hand, such studies as 
have been made have borne good fruit. It was in the studies of 
ctenophore larve that Metchnikoff conceived the idea of what 
later became the theory of phagocytosis. Later this investiga- 
tor studied the cytology of the larval frog’s tail during the stages 
of metamorphosis. Extensive morphological studies have been 
made upon the stages of metamorphosis in insects. The changes 
which the salmon undergoes in breeding season have likewise 
received considerable attention. 

Passing from the natural atrophy found in such instances as 
these, to what is termed pathological atrophy, we encounter the 
processes of progressive muscle atrophy, acute yellow airophy of 
the liver and other states which bear many features in common 
with certain of the so-called natural atrophy processes, and this 
is true to such an extent in regard to the atrophy of the muscles 
of the larval frog at metamorphosis and the conditions observed 
in progressive muscle atrophy or Zenker’s degeneration that it 
is difficult to believe that we are dealing with fundamentally 
different physiological processes. 

The purpose of the following communication is to attempt to 
show that there are certain factors involved in the atrophy of the 
tadpole’s tail which are to be considered as causal or of primary 
importance as conditions; and the similarity in cytological pic- 
tures and in certain known conditions in this case and in that of 
pathological atrophy makes it fairly probable that we are dealing 
with the same physiological factors, so that we encounter here 
an instance where the comparative physiology of a lower form 
of organism sheds light upon the economy of the higher organisms 
of especial interest to the pathologist. 


HISTORICAL. 

Although Metchnikoff had witnessed the activity of phagocytic 
cells earlier, in the larve of errantiz, his first report involving the 
conception of cells wandering in the body fluids of one organism 
and serving as scavengers was made in 1883 (2). Early in the 
history of the problem, this investigator recognized the practical 
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value of such a study when he says “‘L’atrophie des muscles des 
batraciens présente un grand intéret parce qu'elle peut servir de 
type de phénomenes pathologiques.” 

Following Metchnikoff, several investigators concerned them- 
selves with the problem. Thus Barfurth (3), Looss (4), Noetzel 
(5), Anglas (6), Guieweisse (7), Mercier (8) are among the more 
important names in this connection. Of these, Looss and Mer- 
cier are perhaps of the greater importance. Grund (9) has more 
recently studied the problem of muscle degeneration from the 
chemical standpoint. In the field of fish physiology, Miescher’s 
(10) classic researches and those of Noel Paton (11) and his co- 
workers demand especial mention: Even mere mention of the 
investigations which have been made in insect physiology and 
morphology during metamorphosing periods is impracticable 
in the present paper, a review of which being available in the 
paper of Mercier (8). 


THE PROBLEM STATED. 


Two quite diverse theories concerning the factors involved in 
muscle atrophy exist, namely, phagocytosis and autolysis. The 
former theory can best be stated in the words of Metchnikoff: 
“Von den ersten Stadien seiner Atrophie an, kann man in ihm 
eine gross Anzahl améboider Zellen finden, in deren Innerin 
ganze Stiicke von Nervenfasern und Muskelprimitivbiindeln 
enthalten sind” (1883, p. 561). Looss adheres to the latter view 
in the following words: ‘‘ Wir es hier nicht mit einer Degenera- 
tion, einer Entartung der Gewebe und ihrer histologischen 
Bestandtheil zu thun haben, sondern mit einer seiner Auflésung, 
mit einer Resorption im strengen Sinne des Wortes” (p. 
91). 

In the larval frog, no one has attempted to verify the belief of 
Looss save upon histological grounds. Anglas, Noetzel, Guie- 
weisse and others subscribe freely to Metchnikoff’s theory of 
phagocytosis. The burden of the present paper is to show that 
Looss is correct in believing that fundamentally and primarily, 
a change is iniuiated interpretable as autolysis and that phagocy- 
tosis, which unquestionably is present at a later stage, is of 
secondary importance. 
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HISTOLOGICAL EVIDENCE. 


In the accompanying photomicrographs, evidence is presented 
that events have occurred in the tail of a larva before the advent 
of phagocytosis. Fig. 1 is that of a section through the larval 


Fic. 1. Section through the tail of an involuting Ranuw pipien Zeiss 2 mm. 


obj. ocular 6. Osmium tetroxid fixation Heidenhain's ferric alum-hematoxlyn. 


frog’s tail, lateral and ventral to the nerve and vertebral column. 
The frog was without any external indications of the approaching 
metamorphosis. However, the section shows that the process is 
under way, for there is a dissolution of the muscle bands, a loosen- 
ing up of the fibers, and, in the larger spaces, phagocytes are to be 
seen in the act of engulfing portions of the dissociated muscula- 
ture. The important point to be noted, however, is that there 
has been a change in the condition of the musculature in regions 
where no phagocytes occur. This change involves what has 
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been described as a ‘‘chromatolysis,’”’ but the dark masses running 
transversely over the muscle bands are depositions of fats bearing 
unsaturated fatty acids (oleic) which stain with the osmium 
tetroxid used in fixation. Willard and Guenther in unpublished 
investigations upon the micro-chemistry of degenerating muscle 


Fic. 2. Section of similar stage, same species, showing peripheral tissues. 
Not all of the intensely black areas are those of chromatolysis, for the osmium 
stains those neutral fats containing unsaturated fatty acids, such as oleic. 


fibers find similar conditions in mammalian muscles permitted to 
degenerate after severing the innervation; a change in the distri- 
bution of neutral fats occurs involving the grouping of these com- 
pounds into masses, or droplets.! The significance in the present 


! There is no evidence of an infiltration of fat, but rather of a simple process of 
accumulation of fats already present in diffused form. 
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instance is that whatever the process means, it is precursory to 
phagocytosis. 

In the second figure, the same mobilization of the lipoids is to 
be seen in the layer immediately proximal to the epidermis. 
This does not appear in control organisms where the size of the 
individual together with the character of the cellular elements in 
the muscles and elsewhere negate the advent of metamorphosis. 
Accompanying the so-called but misinterpreted ‘‘ chromatolysis”’ 
is a vacuolization of the tissues, an edema recognizable in the 
translucence of the tail when viewed in the individual intact and 
alive. This edema formation is to be seen in the second figure 
lying directly distally to the dark area. The vacuoles seen in the 
epidermis, however, are normal skin glands. Regarding, now, 
the question as to whether phagocytosis is a factor here, it must 
be admitted that there is nothing to indicate the presence of these 
agents. It is difficult to present this testimony in a black-and- 
white photomicrograph, but sufficient detail is given to insure that 
at least the process is not pari passu with the extent of edema 
formation and of lipoid mobilization. Perusal of the micro- 
scopic sections themselves makes it evident that no phagocytosis 
is Operative in these tissues, although there have been some 
changes indicative of metamorphosis. 

From histological evidence, then, we must accept the belief of 
Looss and others supporting him that phagocytosis as a primary 
event is not a fact, but that its participation in metamorphosis is 
a later and secondary event. 

In passing, it is of interest to compare the histological pictures 
given by preparations of Zenker’s or hyaline degeneration and 
those given by the normal atrophy of the larval frog’s tail. The 
writer was first struck with this coincidence in examining the 
photomicrographs of Steiner’s (12) article on dermatomyositis. 
From histological evidence and from physiological considerations 
it is probable that the natural atrophy of the metamorphosing 
tadpole is reflected in the pathological atrophy in cases of pro- 
gressive muscle atrophy. 

From the evidence thus far submitted it is probable: 

1. That an event precursory to the appearance of phagocytes in 
the affected areas occurs. 
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2. That phagocytosis contrary to being a primary agent in 
effecting the dissolution of the tissues of the tail is of secondary 


importance. 
BIOCHEMICAL EVIDENCE. 


During the last few years, a more complete understanding of 
the softening of tissues in the living and in the dead organism 
without the participation of microérganisms has been obtained 
through the work of Bradley (13) and others. There is a more 
or less definite relation between reaction of medium and the proc- 
ess known variously as self-digestion, maceration, auto-diges- 
tion, autolysis, etc., wherein tissue enzymes resembling in a 
general way the enzymes of the alimentary tract operate in the 
tissues themselves, causing autolytic processes. This relation 
of reaction is such that when the average normal alkalinity of the 
tissues falls below a certain point, autolysis begins. In the ter- 
minology of physical chemistry, when the number of hydroxyl 
groups or ions (OH) approach (molecular weight in hydrogen 
equivalent) /(10,000,000) or N/(10)’, which is neutrality for the 
igns involved, then either the proteolytic enzymes of autolysis 
are activated, or the reaction causes a change in the proteins 
rendering them digestible by the enzymes (14). A distinctly acid 
reaction, that is, where the concentration of OH ions is less than 
1/10,000,000 normal, or, in the terminology of Sérensen which is 
being universally adopted, where Ph < 7', autolysis proceeds 
rapidly. 

Up until the present time, the hydrogen ion concentration of 
the blood of the larval frog has not been accurately determined, 
a point to which the writer means to direct attention when 
material is available.? It is desirable to determine whether there 

1 The expression Ph is borrowed from the principles of electromotive force, 
where the “ potential’’ difference is measured on a potentiometer between a known 
concentration of hydrogen or hydroxyl ions and the unknown solution whose 
concentration in hydrogen or hydroxyl ions is required. The expression Ph sig- 
nifies that the potential refers to hydrogen (h). Its numerical valye is the same 
as the expression N/(10)*, where @ is a number greater than 7 if the solution in 
question is alkaline, or less than 7 if the solution is acid. Inasmuch as N/(10)? 


is the same as N(10)~*, the expression Ph means ‘‘minus the logarithm of con- 
centration.” 


2 Only the larger species of frogs can be utilized for these determinations. The 
arva of Rana catesbiana is of sufficient size to give 2 c.c. of blood for experimental 
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is any change in alkalinity codrdinate with atrophy. In the 
case of atrophy of the kidney tissue of the mammal where autol- 
ysis can be demonstrated, the writer and colaborator (15) have 
found that there is a rapid loss of alkalinity when autolysis sets 
in, while a true acidity develops later. If, in the larval frog, 
autolysis is vera causa for the process of atrophy, we should expect 
to find a low alkalinity or actual acidity of the body fluids of the 
tail during atrophy. 

If autolysis actually produces atrophy of the larval frog’s 
organs, we should expect to find a difference in the quantities of 
end products of protein digestion between the normal, non-meta- 
morphosing tail and that which is atrophying. However, the 
practical demonstration could not be considered especially easy 
since the work of Van Slyke and others upon mammals has shown 
that these end products, the lower polypeptids and amino-acids, 
are rapidly withdrawn from the blood by the various tissues. 
Even after a full meal, until the micro-methods of Folin, Van 
Slyke and others were brought into play, amino-acids in the 


blood could not be satisfactorily demonstrated. A fortiori, in 
the atrophying frog, large differences in amino-nitrogen in the 
two cases in question are not to be expected. Another point 
should be recalled in this connection: Muscle, of the various 
' tissues, undergoes autolysis sldwest, with the exception of nervous 
tissue. 


The following experiment was designed to show whether, 
qualitatively, a difference in concentration of amino-acids could 
be observed between normal and atrophying tissues.’ 

Experiment.—The tail of a larva of the common frog, Rana 
areolata, was used. The larva selected had small posterior legs, 
anterior ones still beneath the integument and histological sections 
of similar stages of Rana catesbiana larve failed to show evidenceof 
metamorphosis. The tissue was weighed to 0.5 gram wet weight, 
chipped fine and transferred to a Schleicher and Schiill No. 579 


purposes, which is practically the lower limit for work such as the determination 
of acidity where at least a half cubic centimeter of serum is desirable. 

1 The writer reported, earlier (16) upon the concentration of amino-acids in the 
tissues of the larval frog, where direct determination by the method of Van Slyke 
was attempted; from further work it is evident that this evidence is of little value 
since the calculated amounts of amino-acid would be extremely small. 
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protein impermeable dialyzing thimble in which 1 c.c. of blood 
serum, free from hemoglobin, plus 2 c.c. of 0.7 per cent. NaCl so- 
lution had been placed. The thimble was suspended in 20 c.c. of 
distilled water, toluene added to both liquids within and without 
the thimble and placed in a thermostat at 30° C. over night- 
Similarly, tails from atrophying individuals were removed, and 
treated as the normal tail was prepared. At the end of 16 hours, 
the dialyzate in 2 c.c. amounts was boiled with three drops of 
I per cent. solution of ‘‘Ninhydrin”’ for one minute. The con- 
trol (non-atrophying, normal) gave negative results while the 
atrophying tissue gave positive. Several duplicates gave similar 
results. 

In interpreting this experiment, it may be urged that atrophying 
tissue digests more rapidly than normal tissue. To determine 
this point the following experiment was performed. 

Experiment.—Sixty grams, wet weight, obtained by using the 
whole body of several non-metamorphosing individuals were 
ground in sand and made up to a 25 per cent. digest with toluene 
water. A similar digest was prepared from involuting larve. 
The preparations were incubated for five days at 37°C. Twenty- 
five cubic centimeter aliquots of the digests were pipetted into 
50 c.c. tannic acid solution which was left to precipitate over 
night. The preparation was diluted to 100 c.c. filtered and 50 
c.c. aliquots were examined by the Kjeldahl process for total non- 
protein nitrogen. Duplicates gave the following results: 


CNN 5 ya oeaeeek as cee 1.07 gm. protein per 60 gm. tissue. 
ON oss 5s sek ao ia ee ee ote si 


For the Van Slyke gasometric method, tannic acid could not be 
used to advantage as a protein precipitant; 50 c.c. of boiling 
saturated solution of potassium sulphate was made; otherwise 
the procedure was as before: 


Control 110 mm. NH: nitrogen per 60 gm. tissue. 
Absorbing on: “ “ “0 


The formol-titration method gave: 


Control 117 mm. NH: nitrogen per 60 gm. tissue. 
Absorbing 95 “ oe 
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Obviously, there is no acceleration, but rather an apparent 
inhibition, which is not a true inhibition of digestion rate, but is 
due to the fact that autolysis has proceeded in these tissues before 
the death of the larva, the products being withdrawn by the 
circulation, leaving only the slowly autolyzing tissues for this 
experiment. The apparent increase of 1.68 g. over 1.07 g. in the 
case of the non-protein nitrogen figure, is insignificant, while the 
difference in non-protein and amino nitrogen is due to peptones 
and other polypeptids. 

The tissues, then, are not in more favorable condition for self- 
digestion in the case of atrophying than in normal instances. 

The question arises as to whether the enzyme content varies 
in the two cases. This is improbable. Loevenhart (17) has 
shown that in liver atrophy in mammals, an ester splitting en- 
zyme, esterase, is not increased over that of the normal liver. 
Bradley (18), again, has shown that in the mammary gland there 
is no increase in lipase during lactation over the resting condition 
of the gland. Finally, the writer (19) has interpreted his experi- 
ments upon atrophy similarly. However, the following experi- 
ment seems to demand that, if it is true that the atrophying 
tissues themselves do not digest faster in vitro than non-atrophy- 
ing masses, there is something in the enzyme relations in the 
two cases which is different. 

Experiment.—Four tenths of a gram of tissue, wet weight, from 
a non-involuting larva were placed in 3 c.c. of serum from an 
adult frog. Toluene was added. A control consisting of 0.4 c. 
of involuting material was made. Digestion was permitted at 
30° C. for 24 hours. Each preparation was then diluted to 5 c.c. 
of fluid with distilled water. 2.5 c.c. aliquots were examined for 
amino-nitrogen by the gasometric method of Van Slyke: 


Control ....0.63 mm. NH¢ nitrogen per 0.4 g. tissue. 


Absorbing 1.19 


Here, the differences are approximately 1:2 and inasmuch as 
we have seen that there is probably more autolyzable material 
taken from the involuting tissue, which has undergone a certain 
degree of sel{-digestion or atrophy (compare the preceding experi- 
ment), leaving less to digest in artificial autolysis experiments, 
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the difference is significant. There are two substrates present in 
this system, namely, blood-serum proteins and secondly the tissue 
from the tail. The conclusion is warranted that there is a d'f- 
ference in enzyme content between the atrophying and the normal 
tissue. Granting that the serum proteins are more readily 
digested by the enzymes of the tail issue, we are still driven to 
assume that the enzymes are different in the two cases. 

We have seen, then, that correlative with histological dif- 
ferences, there are enzyme differences in the case of atrophying 
and non-atrophying material. 

It is possible that the experiments described in the preceding 
paragraphs do not bear critically upon the problem as to what 
induces atrophy of the metamorphosing larva. It may be urged 
that phagocytes could be operative in each of these cases. To 
assume this, it would be necessary to demonstrate that within 
the relatively short period of 24 hours, phagocytes, working in 
vitro, could perform the task of digesting the tissue in the amounts 
given. We should at once seek to answer the question as to 
whether a marked increase of phagocytes is to be observed in 
atrophying material over the normal. The writer (20) has made 
differential counts of the blood cells of normal and involuting 
individuals with the result that no increase commensurate with 
the difference in digesting power in the two cases exists. That 
there is a concentration of phagocytes (polynuclear leucocytes) 
in the affected areas is evident from Fig. 1, given above, and also 
from the work of Mercier; the actual number, however, remains 
the same. 

THE CAusEs INDUCING ATROPHY. 

Mammalian experiments at the hands of Martin Jacoby and 
many other investigators have shown that atrophy involving 
autolysis is induced when the blood supply is interfered with. 
It is not necessary to occlude the supply directly; interruption of 
the blood supply will serve to cause atrophy. Bataillon (21) 
found that in the frog, the development of the pygostyle caused 
a change in the distribution of the blood supply throughout the 
tail. This does not involve complete occlusion, for Mercier found 
that, comparatively late in metamorphosis, phagocytes bearing 
carmin granules picked up from the dorsal lymph sac into which 
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Mercier had injected the grains, appeared in the muscle masses 
undergoing atrophy. 

Granting that this explanation is adequate, we may seek the 
more immediate factor involved. The first suggestion may be 
that oxygen inhibits the activity of the autolyzing enzymes and 
that when the blood supply is interfered with, the inhibiting 
action of oxygen is thrown off, permitting autolysis. The experi- 
ments of the writer (22) speak decidedly against this theory of 
inhibition of autolysis by oxygen.' 

The known relation between reaction of medium and autolysis, 
of which we have spoken earlier in the present paper is sufficient 
to afford an adequate explanation of what takes place at the 
inception of autolysis. Partial interruption of the blood supply 
everywhere results in an accumulation of carbon dioxid. The 
“buffer”’ value of the blood in alkalinity is soon neutralized and 
an actual acidity of the blood results (Ph<7). Perhaps, like- 
wise, as in starvation, acids other than carbonic acid enter the 
blood stream, such as those of incomplete oxidation—the so- 
called acids of acidosis, ketonic acids, beta-hydroxybutyric acid, 
aceto-acetic acid and the keton aceton. Even in the total exclu- 
sion of respiratory oxygen, intramolecular oxidation occurs, 
giving rise to carbon dioxid and to the acids of acidosis. This 
the writer takes to be the modus operandi of atrophy in the larval 
frog. 

With regard to oxygen, the following experiment of the writer 
bears: 

Experiment.—Several tall glass cylinders, 45 cm. high and 5 
cm. in diameter were filled with water and into each was intro- 
duced a single larva which gave no evidence of metamorphosis. 
The larve were fed alge, but owing to the darkened space in 


which the experiment was conducted, photosynthesis, giving rise 
to oxygen, did not occur. The jars were left for several weeks, 
during which time the larve grew, but none of them exhibited 
any tendency towards metamorphosis. Controls in_finger- 
bowls with oxygenated water metamorphosed. 


1 The recent papers by Burge in the American Journal of Physiology contain the 
assumption of oxygen inhibition, but there is no experimental data to substantiate 
the theory. 
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Experiment.—Tap water was boiled and cooled in hermetically 
sealed jars. Finger-bowls were filled with the water and larve 
introduced. There was a high mortality amongst the larve, 
but a few were kept for two weeks, during which time no meta- 
morphosis occurred. 

Experiment.—The dorsal nerve cord together with the aorta 
was ligated with silk thread, at the base of the tail. Again, the 
mortality was high, the open cut being attacked by Saprolegnia 
and water moulds, wild yeasts, etc. No acceleration in meta- 
morphosis was observed. 

Lack of oxygen, or a marked reduction in its amount does not 
induce autolysis in the larve. It must be admitted, however, 
that the negative results of the last experiment do not bear out 
the theory that interference in the blood supply induces atrophy. 
Lateral circulation, however, may have been a factor. 

Wintrebert (23), seeking the cause of atrophy in the larval 
frog, suggested that an internal secretion induces metamorphosis. 
The following experiment was directed towards the obtaining of 
evidence upon this point: 

Experiment.—Five normal larve were isolated in large petri 
dishes. Serum was injected into the dorsal lymph sacs of these 
larve, the serum having been obtained either from the blood of 
involuting larve or from the expressed juices of the tail. No 
attempt to keep the preparation sterile was made owing to the 
obviously impossible nature of the task. The results were 
negative as far as inducing metamorphosis. 

Attention has been directed to the glands of internal secretion. 
Thus Babak (24) has studied the effects of injections of hypo- 
physis and of other portions of the brain. Positive results were 
obtained which this writer interpreted as due to direct effects 
upon the nervous system rather than upon the tissues. Babak 
considers that there is a hormone-action involved in the sense of 
Bayliss and Starling. The thyroid has received a relative large 
amount of attention. Gudernatsch originally observed a pre- 
cocious metamorphosis in the case of larve fed upon thyroid 
preparations and since his work, others have studied the problem 
from the biochemical aspect. David Marine (25), Lenhart, the 
writer (26) and recently, from a more general physiological 
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aspect, Allen (27) have examined the relations of the thyroid and 
thyroid components upon metamorphosis. The writer found that 
an iodized amino-acid (3—5-di-iodo-tyrosin, CsH;OHI, CH2.CH. 
NH:.COOH), induces metamorphosis in the frog’s larve, this 
amino-acid being derived from the thyroid tissue by means of 
acid hydrolysis and hence being a normal component of the 
thyroid. These observations taken in connection with the 
interesting morphological studies of Allen give us a rationale of 
the réle of the thyroid in inducing metamorphosis. When thy- 
roid tissue or its components is fed to an organism, the general 
metabolism is increased as evidenced by the increased output of 
the end products of protein, carbohydrate and fat metabolism. 
When thyroid is removed from the economy of the organism, as in 
Allen’s thyroidectomy experiments, metabolism is decreased; 
this is indicated by his further observations that reduced nourish- 
ment obtains the same results, that is, in both cases metamor- 
phosis is suppressed or delayed. We may conclude, then, that 
metamorphosis involves, as one of its principal factors, heightened 
metabolism. 

It is necessary to distinguish between heightened metabolism, 
which involves only catabolism, in Gudernatsch’s experiments and 
the accelerated anabolism present in Allen’s cases. In both 
instances, metabolism is heightened, but the current is down 
stream in the one case, leading to loss of storage materials and a 
piling up of materials in the form of fat, etc., in the second case. 
Now it is of interest to recall that according to Voegtlin and 
Strouse, the iodized amino-acid which was found to operate as 
whole thyroid tissue in inducing precocious metamorphosis, 
fails to replace the function of thyroid in those pathological cases 
where there is a deficiency in thyroid function. It would be of 
considerable interest to determine whether 3—5-di-iodo-tyrosin, 
thyreoglobulin or any of the chemical components of the intact 
thyroid tissue replaces the absent thyroid in cases of thyroid- 
ectomy in inducing metamorphosis, for wrapped up with the 
question is the important and fundamental one as to what rela- 
tion the iodine has in the thryoid. If the iodized amino-acid 
should in itself, in the absence of the thyroid, induce metamor- 
phosis, it would show that the theory that iodine stimulates an 
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internal secretion in the thyroid gland, rather than functioning 
as hormone itself, is untenable. In either case it would clear up 
the apparent discrepancy in the findings of Voegtlin and Strouse 
and in those of the students of amphibian metamorphosis. 


THE ECONOMY OF THE PROCESS. 


In the investigations upon the salmon conducted by Miescher 
and later by Noel Paton and others, it is evident that there is a 
high degree of economy involved in the process of metamorphosis 
of the muscles into gonad material. The question arises, is this 
true for the metamorphosis of the larval frog? 

In the foregoing paragraphs, we have spoken of this process of 
metamorphosis as if it were confined to the regions of the tail, 
but the difficulty of studying the participation of the alimentary 
tract, gills, etc., in the process is not a small one and these inves- 
tigations have been confined to the changes in the tail. One 
primary difficulty regarding the study of the alimentary tract 
is that at metamorphosis, preceding the shortening of that sys- 
tem, a large accumulation of fecal matter is expelled, containing 
the same chemical compounds which are utilized in studying the 
transformations of tissues. It is for this reason that the simple 
expedient of weighing the organism before and after metamor- 
phosis to determine the loss, if any, of material, is not feasible, 
the fecal matter far overbalancing any amount of product of 
tissue change thrown to the outside. 

A study was made of the excretions of the larve immediately 
after the expulsion of the fecal matter. Larve were isolated in 
distilled water in large petri dishes. After twelve hours, the 
water was filtered and estimations were made of the total nit- 
rogen, amino-nitrogen, ammonia and urea. While the method 
was crude, owing to the impossibility of inhibiting the transfor- 
mation of urea into ammonia and of the probable deaminization 
of the amino-acids by bacteria, there was no constant difference 
in the figures for non-metamorphosing and metamorphosing 
lavre. Unless, then, there were extensive excretion of the 
products of the decomposition of the larval tissues, it is safe to 
conclude that the process is an economic one, the tissues of the 
larval organs contributing to the formation of those of the adult. 
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Pointing to the correctness of this interpretation is the fact 
that during the development of the adult organs (legs, etc.) 
no food is taken by the larva. Storage of fat, etc., has taken 
place during the earlier period of larval existence, but the impor- 
tant thing is to remember that protein is never stored as such in 
the animal organism. ‘The nitrogenous material for the legs, 
etc.,developing during metamorphosis must be supplied from some 
source other than storage. The simplest explanation is to assume 
that it is derived from the larval organs. 


Von BarErR’s Law AND LARVAL METAMORPHOSIS. 


The frog has been taken as a classic example of the operations 
of the so-called Law of Von Baer, termed sometimes the Law of 
Recapitulation and at others that of Repetition. The question 
is, can the metamorphosis be explained wholly upon the assump- 
tion that physico-chemical events other than those concerned 
with heredity initiate the process? 

Those who have experimented with the agents accelerating 
metamorphosis have found that these compounds are impotent 
except in the case of larve which have reached a certain period 
of their existence. In other words, we know of no agent which is 
operative regardless of the stage of development of the larve. 
We may suppress metamorphosis; we can not, or have not in- 
duced it in stages far removed from those in which it would nor- 
mally occur. This indicates that a certain cycle of events, 
probably determined by heredity, are necessary before any stimu- 
lating agent is effective. The growth of the pygostyle according 
to Barfurth, initiates the process of atrophy in the tail, but what 
events stimulate the growth of the pygostyle are unknown. In 
some species, which do not metamorphose during the first sum- 
mer, the larvz are subjected to relatively the same stimuli from 
the environment during the second summer as during the first. 
It is improbable that external conditions determine the time of 
metamorphosis. Again, to offer the explanation that hormones 
or enzymes initiate metamorphosis leaves open the more potent 
question as to what determines the development of these com- 
pounds. 
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CONCLUSIONS. 


1. Autolysis is the primary factor in the physiology of atrophy 
in metamorphosis. 

2. This process is probably induced by an acidosis in the tissues. 

3. Adopting Barfurth’s suggestion of the occlusion of the 
blood vessels at the base of the tail by the growth of the pygos- 
tyle, it is probable that carbon dioxid and acids of incomplete 
combustion accumulate and render the reaction of the blood 
less alkaline or more acid. 

4. Phagocytosis is not a primary factor, as Metchnikoff be- 
lieved, but a secondary one, the phagocytes being attracted by 
chemotaxis to the atrophying organs. 

5. The process of metamorphosis is economic, the substances 
derived from the atrophying organs being utilized by the growing 


adult organs 
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I. INTRODUCTION. 


The changes in the physiological condition of the spermatozoon, 
from the time it is extruded from the genitalia of the male until 
it ‘‘undergoes the transformation into a nucleus” (Loeb, J., 
1913, p. 306) in the protoplasm of the egg are dependent in 
rate upon environmental conditions. The germ cells of most 
marine invertebrates are extruded into sea water, and fertiliza- 
tion of the egg by the sperm there follows. The environment, 
sea water—or sea water modified by the excretions of the egg or 
of the sperm—must therefore be studied in order to understand 
the variations in the physiological condition of spermatozoa 
that have often been observed. 

This investigation had its beginning in an attempt to under- 
stand seemingly contradictory effects of sea water that had con- 
tained the eggs of the sea urchin,! Arbacia punctulata, upon the 
activity, the length of life and the ‘‘fertilizing power” of the 
spermatozoa of the same species. For interesting me in these 
phenomena, and for invaluable aid in this attempt at their 
solution, I am indebted to Dr. F. R. Lillie. 

The experimental work was carried on during the summers of 
1915 and 1916 at the Marine Biological Laboratory at Woods 
Hole, Massachusetts. During that time the behavior of the 
germ cells of other marine invertebrates were sufficiently ob- 
served to suggest that the relations that are hereafter reported 
for Arbacia are not highly specific. 


MATERIAL AND METHODs. 


The sperm of the sea urchin, Arbacia punctulata, are shed from 
the genital pores, if the peristome is cut, and the urchin placed 
aboral side down. The sperm may then be collected in a clean 
dry watch glass, and diluted to any concentration by the ad- 
mixture of sea water. The concentration of the sperm suspen- 
sion records the extent of dilution of the sperm. A one per cent. 
suspension is one in which one drop of sperm is added to 99 drops 
of sea water or of sea water that has suffered a definite modifica- 
tion. 


The relative “fertilizing power” of sperm that had been sub- 


1 Such sea water is for convenience called egg water. 
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jected to different environments was determined by adding such 
sperm in identical concentration to the ripe eggs of the same 
species in sea water at different times. The average number of 
eggs that subsequently developed was estimated by counting at 
least a hundred eggs at about the four cell stage.' 

In tabulating the experiments that are reported (in Tables 
I., Il. and III. the concentration of spermatozoa was the variable 
environmental condition) the concentration of spermatozoa in 
the suspension is recorded in a column at the extreme left. The 
variable environmental conditions that obtained in the different 
suspensions are recorded in a legend over the columns repre- 
senting the percentage of eggs that were fertilized when a definite 
number of drops of the sperm suspension (the number of drops of 
sperm is reported either in the legend or in a column at the ex- 
treme right) were added to a constant quantity of eggs in a given 
amount of sea water at the intervals noted. 

The effects of change in environmental condition upon sperm 
were under investigation. Since the influence of change in 
environmental condition upon eggs and upon sperm are not 
dissimilar (Loeb, J., 1913, Robertson, T. B., 1912) the variation 
in the physiological condition of eggs (Gemmill, 1900; Vernon, 
1899; Loeb, J., 1913; Goldfarb, A. J., 1917) was eliminated by 
always inseminating in sea water. 

For the same reason, the eggs of but one female were used in 
each series of inseminations. The fertilizing power of different 
sperm suspensions were in this way tested. The eggs were ob- 
tained by straining the cut up ovaries through cheese cloth into 
sea water, and subsequently washing the eggs by decanting the 


supernatant fluid. Eggs were never used after they had been 


in sea water for more than six hours. The forceps that were 
employed in removing the ovaries were never used for any other 
purpose. If a male had previously been opened, the hands and 
the scissors with which the peristome had been cut were rinsed 
in fresh water. A control of unfertilized eggs was always kept, 
but no contamination was ever observed. 

The failure of sperm to fertilize ripe eggs may be employed as 


1 See Lillie, F. R., 1915; Fuchs, H. M., 1015, for a detailed description of this 


proc edure 
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an indication of death only if accompanied by some other obser- 
vation such as the dissolution of the protoplasm that follows the 
death of spermatozoa. This is necessary, since a decrease in the 
activity of spermatozoa may also decrease their fertilizing power. 
But sperm that are non-motile can be reactivated, and until 
reactivation is no longer possible, sperm can not be considered 
dead. 

The rate of movement of spermatozoa cannot, however, be 
observed with any degree of accuracy. While it is not difficult 
to distinguish between a very motile, a fairly motile and a non- 
motile sperm suspension, more delicate fluctuations in sperma- 
tozoén activity cannot easily be observed. As in other cells a 
delicate indicator of the degree of activity is afforded by the 
measurement of the oxygen consumption (Loeb and Wasteneys, 
1912; Warburg, 1910) the heat production (Meyerhoff, 1911) or 
the carbon dioxide production of a sperm suspension. The car- 
bon dioxide production of sperm suspensions of different concen- 
tration has been measured. 

The activity of spermatozoa, as will presently appear, is effected 
by changes in either the temperature, the osmotic pressure or 
the hydrogen ion concentration of sea water. Since even the 


carbon dioxide produced by spermatozoa is sufficient appre- 


ciably to change the hydrogen ion concentration of a 0 005 pet 


cent. suspension, since the activity of spermatozoa is a function 
of the hydrogen ion concentration, and since the fertilizing power 
of a sperm suspension is related to the activity of the sperma- 


tozoa, the careful control of the environment becomes a necessity. 


SEA WATER AS ENVIRONMENT. 


The environment of the spermatozoa of the sea urchin is sea 
water. A variable in sea water that is known to effect the 
activity of spermatozoa is the hydrogen ion concentration. The 
concentration by weight of hydrogen ions in sea water is approxi- 
mately 0.ooo00001 N or 1 X 107° N (Palitzsch, Sven, 1912). Ina 
neutral solution there are, by definition, as many hydrogen as 
hydroxyl ions. The concentration of hydrogen ions in a neu- 
tral solution is 1 X 10-7 N or 10 X 10-* N._ There are there- 


fore in the neighborhood of ten times as many hydrogen ions 
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in a neutral solution as there are in sea water and ten times as 
many hydroxy! ions in sea water as there are in a neutral solu- 
tion. Since the acidity or the alkalinity of a solution is 
measured in terms of its concentration in hydrogen ions, sea 
water is appreciably alkaline. The hydrogen ion concentration 
is often expressed as the negative logarithm to the base Io. 
This is called the hydrogen potential (Ph) (Sérensen, S. P. L., 
1909). The hydrogen potential of sea water is therefore Ph 8. 
During the months of July and August, 1916, the sea water at 
the Marine Biological Laboratory at Woods Hole only varied 
between Ph 7.95 and Ph 8.15. 

The hydrogen ion concentration of sea water was measured by 
colorimetric comparison with solutions of borates and phosphates. 
These were always standardized with a concentration cell. The 
indicators phenolphthalein, naphtolphthalein and neutral red 
satisfactorily covered the range investigated. Corrections for 
the effect of salts upon these indicators have been determined 
(Sérenson & Palitszch, 1910, 1913; Palitszch, 1911) and were 
employed. 

The hydrogen ion concentration of ‘sea water is fully deter- 
mined by (1) the tension of carbonic acid, (2) the concentration 
of water, or salinity, and (3) the temperature. This relationship 
suggests a method of determining the carbon dioxide tension of 
sea water’’ (Henderson, L. J., and Cohn, E. J., 1916, p. 620), for 
the effect of salinity upon the hydrogen ion concentration has 
been found to be very small (Henderson, L. J., and Cohn, E. J., 
1916; McClendon, Gault and Mulholland, 1917). The effect of 
the temperature has been determined (Henderson, L. J., and 
Cohn, E. J., 1916; McClendon, Gault and Mulholland, 1917), and 
the relation between the hydrogen ion concentration and the 
carbon dioxide tension of sea water at a temperature of 20° C. 
has been reported by Henderson & Cohn (1916); at a temperature 
of 30° C. by McClendon (1916 and 1917). The measurement of 
the carbon dioxide tension of sea water (that is the partial pres- 
sure of the gas that is in equilibrium with sea water containing a 
definite concentration of carbon dioxide) can therefore be made 
with great accuracy and greatrapidity. The carbon dioxide 
tension is recorded in terms of the number of millimeters of 
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mercury that represents the partial pressure of the gas in the 
atmosphere at a total pressure of 760 millimeters, and a tempera- 
ture of 0° C. 

The change in the carbon dioxide concentration of sea water is 
not proportional to the change in the carbon dioxide tension, for 
increase in the carbon dioxide tension is correlated with a change 
in the equilibrium between the normal carbonates and _ bicar- 
bonates in sea water. It has been calculated (Henderson, L. J., 
and Cohn, E. J.) that the former are converted into the latter at 
exactly the tensions of carbon dioxide that obtain in the ocean. 
At tensions of carbon dioxide greater than these an increase in 
tension may, as a first approximation in determining the carbon 
dioxide concentration, be considered as an increase in free carbonic 
acid. A ‘‘conversion table” for determining the carbon dioxide 
concentration (or content) of sea water has been published by 
McClendon (1917). The measurements of the total carbon 
dioxide concentration upon which this ‘conversion table” is 
based are not reported. Exact data defining the relation be- 
tween the hydrogen ion concentration and the carbon dioxide 
concentration of sea water are therefore still unknown. 


II. ENVIRONMENTAL CONDITIONS THAT AFFECT THE ACTIVITY 
OF SPERMATOZOA. 


That “all the phenomena connected with the origin and death 
of the spermatozoén seem to be in accordance with the view, 
that its motion is essential to its function’’ (Newport, G., 1853, 
p. 261) was the opinion of the early investigators of the réle of the 
sperm in fertilization. Indeed so completely was the movement 
of the ‘spermatic animalcules’’ found to depend upon tempera- 
ture (Spallanzani, quoted from Newport, 1851, p. 235) (Prevost 
and Dumas, 1824) (Newport, G., 1851); osmotic pressure (Koel- 
liker, A., 1856) and hydrogen ion concentration (Koelliker, A., 
1856) that the observed activity of these cells was for a time sup- 
posed to be due to Brownian movements. 

“Es fallt somit die Theorie, die Bewegung der Samenfaden 
sei willkiirliche thierische Bewegung, haltlos zusammen. Welche 
physikalischen Krafte aber dieses Phanomen erzeugen mégen, 
ist noch vdéllig dunkel. Ja wir kénnen noch nicht einmal mit 
Bestimmtheit behaupten, obwohl diess wahrscheinlich ist, dass 





STUDIES IN THE PHYSIOLOGY OF SPERMATOZOA, 173 


die Samenfiden auch im Organismus, im Hoden oder in den 
weiblichen Genitalien sich bewegen, es kann Niemand mit 
Bestimmtheit widerlegen, dass nicht etwa diese Bewegungen erst 
in den aus dem Organismus entfernten Objecten unter dem 
Mikroskop, als ein Analogon der Brown’schen Molecularbewe- 
gung entstehen, sei es durch Verdunstung oder irgend eine andere 
physikalische Ursache. Es ist mehr als wahrscheinlich, dass die 
Bewegungen wenigstens in einer physikalischen Wechselwirkung 
zwischen Fliissigkeit und Samenfaden begriindet sind, wofiir 
schon die ausserordentliche Abhingigkeit der Bewegungen von 
der Concentration und Beschaffenheit der Fliissigkeit, ferner vor 
Allem die Abanderung der Bewegungsacte durch Zusatz von 
Wasser, die Abhangigkeit der Art der Bewegung von der Form 
der Samenfaden der verschiedenen Thiere spricht, Umstande, 
welche auch auf andere Weise als durch einfache Adhasionsver- 
haltnisse, Vermehrung und Verminderung des Widerstandes 
zu wirken scheinen” (Koelliker, A., 1856, p. 202. Quotation 
from Funke im Lehrbuch der Physiol. von Giinther, Bd. II., 
Abth. IV., 1853, p. 1027). 

Dissenting from this position Newport “regarded this motion 
as being only the visible indication of a peculiar force, or form of 
vitality, in the impregnating agent, the spermatozoén, by which 
it is destined to arrive at, and is to expend on the object to be 
fecundated, and the effect of which is to strengthen, to augment, 
and possibly also to modify the nature of the formative changes, 
which are going on in the yet unimpregnated egg, per se; but 
which will subside, and soon entirely cease, if not reinforced 
through the agency of the spermatozoén’’ (Newport, G., 1853, 
p. 260). And again: ‘‘Whatever be the relation of this motion 
to its peculiar faculty, it is evident that motion is intimately 
associated with, and dependent on, its material composition and 
structural development” (Newport, G., 1853, p. 261). 


TEMPERATURE. 


The environmental conditions that effect the behavior of the 
spermatozoén were therefore abundantly and carefully observed 
by early investigators. ‘‘Spallanzani found that the fluid of the 
‘foetid terrestrial toad (Bufo calamita?) at a high temperature of 
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the season, 70° F. to 73° F., at which this species spawns in Italy, 
had lost its fecundatory influence at the end of six hours; but 
that in the temperature of an ice house, 40° F., it retained its 
efficacy for 25 hours” (Newport, G., 1853, p. 235). Observa- 
tions of this kind were repeated by Prevost and Dumas (1824) 
and Newport (1851 and 1853) who wrote: ‘The general con- 
clusion which seems to be deducible from a comparison of the 
observations of Spallanzani and of Prevost and Dumas, with those 
by myself, in regard to the tail-less Amphibia, is, that . . . the 
vitality of the spermatozoén, and the duration of its fecundatory 
power, are in a ratio inverse to that of an increase of temperature 
in the surrounding medium” (Newport, G., 1853, p. 237). 


HypROGEN ION CONCENTRATION. 


Nor was temperature the only environmental factor that was 
known to effect the physiological condition of the spermatozo6én. 
In a classic paper, “ Physiologische Studien iiber die Samen- 
fliissigkeit”’ (Koelliker, A., 1856), Koelliker demonstrated that 
the effect of substances supposedly “harmful” to the activity 
of the sperm, disappeared if the solutions were first made isotonic 
and isohydric with the suspension. He understood that a slightly 
acid solution might inhibit the activity of the sperm without 
killing them, and that reactivation followed upon neutralization 
of the acidity. He observed that if KOH, NagHPO, or blood 
were added to suspensions of paralyzed spermatozoa motility 
was recovered. 

That the degree of activity is a function of the hydrogen ion 
concentration of the sperm suspension has been confirmed by 
subsequent investigations. In 1907 Giinther (Giinther, G., 
1907) showed that not only could sperm be reactivated by a 
decrease in the hydrogen ion concentration, but also that they 
could be inactivated by an increase in the hydrogen ion concen- 
tration. He noticed that if a weak electric current is passed 
through a mammalian sperm suspension the sperm congregate 
at the positive pole and are there inactive. The hydrogen 
ion concentration is greatest at the positive pole. If the 
current is reversed sperm that have been inactive at the pos- 
itive pole recover their activity and accumulate at the other 
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end of the suspension; now become the positive pole. There 
they are again inactive. In the more alkaline part of the sus- 
pension the sperm are extremely active. Frog sperm (Lillie, 
R. S., 1903) and Echinid sperm (Gray, J., 1915) behave in a 
similar manner. This phenomenon does not occur if sperm 
are first inactivated by an increase in the hydrogen ion concen- 
tration of the suspension (Gray, J., 1915). 


OXYGEN AND CARBON DIOXIDE CONCENTRATION. 


Similar in kind is the observation of Buller (Buller, A. H., 
1902) that when a bubble of oxygen is incorporated in a sus- 
pension of Echinus sperm those in the immediate vicinity of the 
oxygen remain active after the sperm at a greater distance ‘‘ have 
all come to rest from want of oxygen.” Between the active 
sperm and the inactive sperm there is a zone ‘“‘in which there are 
comparatively very few spermatozoa.’ The active sperm 
gradually traverse the clear zone “and collect on the inner edge 
of the zone”’ (of inactive sperm) “upon reaching which they 
cease to move. A ring of thickly placed, dead spermatozoa thus 
arises’ (Buller, A. H., 1902, p. 158). The spermatozoa were 
not ‘“‘dead’’ but merely inactive in a region of low oxygen and of 
high carbon dioxide concentration. 

F. R. Lillie has observed the converse phenomenon. He in- 
jected a drop of sea water with a carbon dioxide concentration 
of approximately 1 per cent. into a suspension of Nereis sperm 
(the sperm of Arbacia are not so sensitive to carbon dioxide but 
“the reactions of Arbacia spermatozoa are essentially the same 
in principle as those of Nereis’’) (Lillie, F. R., 1913, p. 546) and 
noticed that a ring of sperm is formed at a definite concentration 
of carbonic acid. This ring is separated by a clear zone from the 
active sperm in the rest of the suspension. ‘‘If the external edge 
of the clear zone be carefully observed, the spermatozoa can be 
seen to detach themselves one by one from the general suspen- 
sion and pass straight over to the ring”’ (Lillie, F. R., 1913, p. 535). 

It is apparent that increase in the hydrogen ion or in the 
carbon dioxide concentration or decrease in the oxygen con- 
centration! decreases the activity of spermatozoa, while de- 


1 The observations of Drzewina, A., and Bohn, G. (Drzewina, A., and Bohn, G., 
1912) upon the effects of lack of oxygen upon the length of life of spermatozoa will 
be considered in another place. 
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crease in the hydrogen ion or carbon dioxide concentration or 
increase in the oxygen concentration increases the activity of 
spermatozoa. Three explanations of the configuration that 
appears when spermatozoa are subjected to such a gradient in 
carbon dioxide as has been described have been suggested; (a) 
that spermatozoa are activated in certain concentrations of car- 
bon dioxide; (b) that spermatozoa are positively chemotactic or 
chemotropic to carbon dioxide; (c) that the accumulation of 
spermatozoa at a certain concentration of carbon dioxide is 
brought about by their inactivity in that concentration of carbon 
dioxide. 

While it is not inconceivable that spermatozoa are activated 
in certain concentrations of carbon dioxide, no evidence of such 
a primary stimulation of spermatozoa has ever been observed 
or reported. 

The circumstances which led to the formulation of the second 
hypothesis are quite intricate and will require an historical in- 
troduction if the problem is to be understood. Ever since 
Pfeffer ‘“‘demonstrated the importance of the part played by 
chemotactic stimuli in causing the spermatozoa of liverworts, 
mosses, ferns, etc., to approach the odspheres’’ (quoted from 
Buller, A. H., 1902, p. 145) biologists have tacitly assumed or 
attempted to demonstrate that this chemotactic phenomenon is 
general in fertilization not only in plants' but in animals. In 
1895 Bergh suggested that ‘‘the spermatozoa collect around the 
ripe eggs, probably attracted by a special substance *’ (quoted 
from Buller, A. H., 1902, p. 146). Three years later Massart 
(Massart, J., 1888) demonstrated that the spermatozoa of the 
frog were positively thigmotactic to glass. He was, however, 
unable to demonstrate chemotaxis. This observation had pre- 
viously been made by Dewitz (Dewitz, J., 1886). Massart also 
maintained that spermatozoa were positively thigmotactic to agar 
and gell (Massart, J., 1888) especially that of the egg (Massart, 
J., 1889). 

1 There is some doubt that chemotaxis is a general phenomenon in the fertiliza- 
tion of plants. To a recent study of the “Physiology of Fucus Spermatozoids”’ 
the following summary is appended. ‘Using the Pfeffer capillary tube method of 


determining chemotaxy, it was found that certain acids cause collection of Fucus 


spermatozoids. It is suggested that this may be explained as due to toxicity and 
not chemotaxy”’ (Robbins, W. J., 1916, p. 130). 
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In 1900 Buller observed the ‘‘agglutination’’ or ‘‘cluster for- 
mation” of Arbacia sperm in water that had contained eggs of 
the same species and suggested that ‘‘a tactile stimulus appears 
to playa part in the phenomenon” (Buller, A. H., 1900, p. 387). 
As the “aggregation”’ of sperm by carbon dioxide has been sup- 
posed to be due to chemotaxis, so also has the ‘“‘agglutination”’ 
of sperm by “egg water’’ (de Meyer, J., 1911, Lillie, F. R., 1913; 
Glaser, O., 1914). The phenomenon of “agglutination”’ will be 
discussed in another place. The configuration of Arbacia sperm 
in “agglutination” and of Nereis sperm in “aggregation’”’ is not 
dissimilar (Lillie, F. R., 1913). 

In 1902 Buller described the accumulation of inactive sperm 
in an oxygen gradient. This has been characterized as the con- 
verse of Lillie’s ‘‘ring formation” in a gradient of carbon dioxide 
(p. 12). Buller explained the phenomenon as the result of the 
differential activity of spermatozoa in the gradient. He was, 
however, unable to account for the ‘‘clear zone’”’ that occurs in 
the configuration. In consequence subsequent workers have 
had recourse to the accessory hypotheses that have been dis- 
cussed. While there is no a priori reason for believing either 
that spermatozoa are not activated in certain concentrations of 
carbon dioxide or that they are not chemotactic to carbon dioxide, 
it should be pointed out that no positive evidence for either as- 
sumption has ever been demonstrated.! 


IIJ. THE RELATION BETWEEN THE ACTIVITY AND THE LONGEV- 
ITY OF SPERMATOZOA. 


Increase in the activity of spermatozoa leads to a decrease in 
the length of time during which spermatozoa exhibit activity. 
This was observed by Koelliker, who remarked, regarding the 
effect of the alkali salts of carbonic acid, that they behaved much 
as the caustic alkalies in that: ‘“‘Sie erregen die Samenfaden leb- 
haft, doch dauert deren Bewegung nicht lange’’ (Koelliker, A., 
1856, p. 239). Koelliker emphasized that this activation oc- 

1 Dewitz, Buller, and the writer have vainly tried to prove the existence of a 


positive chemotropism of spermatozoa to eggs of the same species’’ (Loeb, J., 
1916, p. 93). 
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curred only in weakly alkaline solution, since sperm were “‘in- 
jured’’ in more concentrated alkaline solution. 

From these and other observations Koelliker came to believe 
that the nourishment and therefore the length of life of the 
spermatozoén after it is liberated from the testes is dependent 
only upon the material of which it is constituted. “‘Eher ware 
daran zu denken, ob nicht vielleicht die Kérper der Samenfaden 
sich zu den Faden selbst verhalten, wie eine Zelle zu ihren Wim- 
perhaaren, und dieselben aus dem in ihnen enthaltenen reich- 
lichern Materia! erndhren, eine Vermuthung, die jetzt, wo ich 
zeigen kann, dass die Samenfaden aus den Kernen der Samen- 
zellen sich bilden, wohl ausgesprochen werden darf. Zu erfor- 
schen ist auch noch, ob die Samenfaden bei ihren Bewegungen 
elektrische Stréme entwickeln, und ob sie nicht, so lange sie sich 
bewegen, CO, abgeben, wahrend sie O aufnehmen, Verhiltnisse, 
iiber die ich vielleicht spater berichten kann’’ (Koelliker, A., 
1856, p. 245). 

On the basis of observations of a quite similar kind Gemmill 
(1900) came to exactly the opposite conclusion. He observed 
that “‘the term of vitality of spermatozoa varies according to the 
degree of their admixture with sea water’’ (Gemmill, J. F., 
1900, p. 170) and correctly concluded that ‘mixing with sea- 
water stimulates the activity of movement of the spermatozoa, 
which become the more active the better they are mixed with 
pure sea water. Under these circumstances, their store of energy 
will be the sooner exhausted’’ (Gemmill, J. F. 1900, pl. 169). 
Gemmill was of the opinion, however, that if sperm lived longer 
in more concentrated suspensions it was because they there re- 
ceived more nourishment, for he goes on to say: ‘“‘On comparing 
the movements of spermatozoa in different mixtures, one finds 
that the difference of activity is not sufficiently marked to ac- 
count for the very early loss of vitality of spermatozoa in the 
weaker mixtures simply in terms of exhaustion of energy. I am 
inclined to believe that the other factor above noted, namely, 
the dilution of the nutritive medium by the addition of sea water, 
is the more important cause. An interesting sidelight on this 
question is afforded by some facts which will be given later 
regarding the keeping alive of spermatozoa by artificial nutri- 
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tion’? (Gemmill, J. F., 1900, p. 171).!. An experiment similar to 
those performed by Gemmill is reported (Table I., Experiment 
28). The “term of vitality” of spermatozoa was determined 
by testing their fertilizing power. As in Gemmill’s experiments 
the sperm in the most concentrated suspensions lived for the 
longest time. 

TABLE I. 


EXPERIMENT 28. 


The Length of Life, as Measured by the Fertilizing Power, of Sperm Suspensions of 
Different Concentration.? 


I 2 3 
Age of ‘ : is ; ‘ 
Soom Concentration of Sperm Suspensions. 
Time of Insemi- Dea 
nation. 4 ke 1%. 0.5%. } oO. 258. 


ideale of Eggs F Fertilized when 1 : ae of 
-| Min, [iSperm Added to 5 Drops of Eggs in 10 c,c. of Sea 
Water at Intervals as Noted. 


720 A.M. o o } 
<3 330 P.M. 14 | 10 100 si| 98 67 
26. . 700 M. 23 | 40 100 | 98 15 
STs 720 A.M. 47 | 00 | 100 | o o 
28.. 115 P.M. 71 | 55 98 | oO 
29.. :20 A.M. 92 85 


The measurement of the total carbon dioxide production in 
sperm suspensions of different concentrations, which will now 
be reported, has however made untenable the position of Gem- 
mill that the ‘‘exhaustion of energy” is not sufficient to account 
for the “loss of vitality of spermatozoa.” 


The Measurement of the Total Carbon Dioxide Production of 
Sperm Suspensions of Different Concentration. 


The hydrogen potential of sperm suspensions of varying con- 
centration was measured as a function of time. 


In measuring the hydrogen potential of sperm suspensions 


1 The so-called “‘artificial nutrition’’ was brought about by adding beef broth 
to sea water. This increases the hydrogen ion concentration of the suspension 
and decreases the activity of spermatozoa. The evidence for these statements 
will be found in another place in this paper. 

* The sea water in this experiment was sterilized in order to prevent the bacterial 
contamination which otherwise occurs when sperm suspensions are kept for so 
long a time (Gorham, F. R., and Tower, R. W., 1902). Erlenmeyer flasks were used 
in the experiment. On the third day suspension 1 was still relatively free from 
bacteria. The spermatozoa appeared healthy and were not motile. 
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no such accuracy can be attained as in the measurement of the 
hydrogen potential of sea water, since the cloudiness of the more 
concentrated suspensions makes the colorimetric determination 
difficult and since the intensity of the indicators changes more 
rapidly in the presence of sperm. This is probably due to the 
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penetration of the indicators into the cells and observations sug- 
gest that this depends upon the physiological condition of the 
sperm. These effects can, however, be prevented from inter- 
fering with the measurement of the hydrogen potential of the 
suspensions if the measurements are made immediately after 
the indicators are added. If these precautions are observed, a 
sufficient accuracy for biological purposes can be attained. 

The data obtained in this way are in Table II. and are graphi- 
cally represented in Diagram I. The ordinate represents the 
hydrogen potential of the suspensions; the abscissa, the time in 
hours. The concentration of sperm in each suspension is re- 
corded in the accompanying tabulation. Since the increase in 
hydrogen ion concentration is due to the carbon dioxide produced 
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by the spermatozoa, and since the rate of carbon dioxide pro- 
duction is, in turn, a function of the hydrogen: .on concentration 
of the suspension, in all measurable concentrations the carbon 
dioxide production of sperm suspensions falls off with time. 


or EGGS FeERTILizeED 





~ 
S 
< 
“ 
z 
w 
~ 
x 
w 
a 


K 2 4 
TIME HuuRSs 


D1aGramM II. 


““The term of vitality of spermatozoa varies according to the 
degree of their admixture with sea water’’ (Gemmill, J. F., 1900, 
p. 170). In the most concentrated suspensions the spermatozoa 
live for the longest time. The length of life of the different sus- 
pensions as computed from the per cent. of eggs that were fer- 
tilized by identical concentrations of sperm under identical 
experimental conditions is recorded in Table III. and graphically 
represented in Diagram II. 

The concentration of carbon dioxide, like the tension of carbon 
dioxide with which it is in equilibrium, in any one sample of sea 
water at any one temperature is completely determined by the 
hydrogen potential. As an approximation, sufficient for the 
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calculation of the carbon dioxide produced by spermatozoa in 
the above experiment, an increase in carbon dioxide tension (as 
measured by change in hydrogen potential) may be considered 
as an increase in free carbonic acid. 


TABLE II. 


HYDROGEN POTENTIALS OF SPERM SUSPENSIONS. 


2 3 4 5 é 
Age of Sperm Suspen- . , . 
sions, Concentration of the Sperm Suspensions, 


0.2%. O.1 &. 0.05 &. 0.02 &. OK & 


Hours. Minutes Hydrogen Potentials of Sperm Suspensions 


.80 
75 
.40 
.30 
37 
.40 
.40 
-26 
.26 


5 
50 
20 
20 
20 
20 


85 
80 
.60 
-53 
45 
.50 
.50 
.40 
.40 


88 ( 95 
.86 8 QI 
80 88 
-70 8 87 OI 
-56 8 88 95 
-74 d 98 8.04 


.98 
90 
.92 


was s7 47 


~~ 
awa 


wa <7 <7 57 47 7 +7 ee = 
~ 


.74) d 91) | (7.08) 


/ 
7- 
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TABLE III. 


LENGTH OF LIFE OF SPERM SUSPENSIONS. 


2 3 4 5 ¢ 
Age of Sperm Suspen- . : . . . 
sions. Concentration of the Sperm Suspensions, 


0.5 &. 0.2 &. O.1 &. 0.05 &. 0.02 &. 0.01 %. 0,005 #. 


Hours. Minutes. Percentage of Eggs that Were Fertilized in Sea Water by Identical 
Concentrations of Sperm, 


4 20 98 98 85 04 54 34 
6 20 99 97 meh Bee i; 6 4 
10 20 100 100 2 } 31 } °o 4 
17 20 100 100 Be” 2 o | ° 0 
Approximate length of life of spermatozoa as computed 
from their failure longer to fertilize eggs of the same 
species. 
17+ | 17+ 7+ 10+ 6+ 6+ 4+ 


The hydrogen potential of sperm suspensions of different con- 
centrations at different times has been reported (Table II.). 
The total carbon dioxide production of each sperm suspension 
is equal to the difference between the carbon dioxide concentra- 
tion of the sea water at the beginning of the experiment and at 
the time of the death of spermatozoa. If the total carbon dioxide 
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production is divided by the concentration of spermatozoa in the 
suspension, the carbon dioxide production per unit concentration 
of sperm is obtained. 


The relative carbon dioxide production of sperm suspensions 
of different concentrations is reported in Table IV. 


TABLE IV. 


ToTaL CARBON DIOXIDE PRODUCTION OF SPERM SUSPENSIONS. 


Sperm Con-| Calculation of the Relative Carbon Dioxide Pro- Approximate Length of 
centration. duction per Unit Concentration of Sperm. Life of Spermatoza. 


Z 


0.5% 13 17+ 
0.2% 18 17+ 
0.1% 26 17+ 
0.05% 37 10+ 
0.02% 32 6+ 
0.01% 45 6+ 
0.005% " 60 4+ 


Out WD 


It is apparent in the most concentrated suspensions that sea 
water that is more acid than Ph 7.6 destroys spermatozoa, and 
causes their death before they have been able to expend all their 
available energy (see p. 192). A post-lethal increase in acidity 
occurs in such suspensions. McClendon has evidently made 
similar observations regarding marine invertebrates, for he says: 
“It would be of little advantage ’’ to determine the carbon dioxide 
concentrations in sea water more acid than Ph 7.6 “ unless it is 
first absolutely established that the abnormal Ph does not make 
the organisms physiologically abnormal and that oxygen is still 
present in the water’? (McClendon, Gault, and Mulholland, 
1917, p. 33). 

In the less concentrated suspensions which more closely 
simulate normal conditions it will be seen that spermatozoa 
that live for longer periods of time produce no more carbon 
dioxide than spermatozoa that live for only 4 hours. In fact 
the total carbon dioxide production of spermatozoa is an approx- 
imate constant. Using the carbon dioxide production as the 
criterion it must be concluded that the activity of spermatozoa 
and therefore the life of spermatozoa is limited. 

An analysis of the length of life of spermatozoa is essentially, 
therefore, an analysis of the rate of activity of spermatozoa under. 
varying environmental conditions. 
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IV. THE EFFECT OF THE CONCENTRATION OF THE SPERM SUS- 
PENSION UPON THE ACTIVITY AND UPON THE 
LONGEVITY OF SPERMATOZOA. 

The observations and the experiments that have been cited 
show that sea urchin spermatozoa soon become inactive in a 
certain concentration of hydrogen ions or of carbon dioxide. 
In lower concentrations spermatozoa are the less active the 
higher the concentration of hydrogen ions or of carbon dioxide 
(see also Lillie, F. R., 1913). In the measurements of the carbon 
dioxide concentration of sperm suspensions that have been re- 
ported the sperm produced sufficient carbon dioxide in the more 
concentrated suspension to inactivate themselves in about two , 
hours. The carbon dioxide production of inactive spermatozoa 
is of course very much less than the carbon dioxide production 
of highly active spermatozoa. Since spermatozoa are decreas- 
ingly active the higher the concentration of carbon dioxide in the 
suspension, the observed falling off with time of the carbon dioxide 
production in all of the suspensions is easily understood. 

In very concentrated sperm suspensions, therefore, the sper- 
matozoa are active for but a short time. That undiluted mam- 
malian sperm exhibit but little activity was observed by Koel- 
liker. He remarks: ‘In der Regel findet sich die Bewegung 
allerdings nur am Rande des Tropfens, nicht weil hier eine Ver- 
dunstung des Samens statt hat, . . . sondern weil am Rande 
des Tropfens die Intercellular-fliissigkeit in etwas bemerklicherer 
Weise sich ansammelt”’ (Koelliker, A., 1856, p. 205). The ob- 
servation has since been confirmed by many investigators and 
for nearly all forms. The explanation of the activity of sperma- 
tozoa at the border of the drop is contained in the observations 
of Buller (Buller, A. H., 1902) and Lillie (Lillie, F. R., 1913) 
quoted in the last section. At the edge of a sperm suspension 
the oxygen concentration is higher and the carbon dioxide con- 
centration lower than in any other part of the drop. Conse- 
quently spermatozoa accumulate in the region of highest carbon 
dioxide concentration. There they are very inactive, and live 
for a very long time. 

Further evidence that the increased length of life in the more 

‘concentrated suspensions is due to the decreased production of 
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carbon dioxide in these suspensions is afforded by the following 
experiments, which are of two kinds. (1) The length of life of a 
sperm suspension was either increased by decreasing the rate at 
which the carbon dioxide produced by the sperm could diffuse 
from the suspension; or (2) the length of life of the sperm sus- 
pension was decreased by decreasing the rate at which the carbon 
dioxide and hydrogen ion concentration of the suspension in- 
creased. This again was attained in two ways. The procedures 
and the protocols of these experiments will now be reported 


V. THE RELATION BETWEEN THE LENGTH OF LIFE OF A CON- 
CENTRATED SPERM SUSPENSION AND THE RATE AT 
WHICH THE CARBON DIOXIDE PRODUCED BY 

SPERMATOZOA IS ELIMINATED. 


1. Decreasing the Rate of Diffusion of Carbon Dioxide (Experi- 
ments 31, 32, and 33). 

In these experiments a sperm suspension was divided between 
vessels of different diameter. The area of the suspensions that 
was in contact with the air, and consequently the rate at which 
the carbon dioxide produced by the sperm escaped into the air 
constituted the only variable. It was found that the sperm sus- 
pensions from which the carbon dioxide could least rapidly diffuse 
lived for the longest time as judged by the percentage of eggs 
fertilized when spermatozoa from these vessels were added to 
eggs in sea water as a function of time (Table V.). 

Two methods were employed of decreasing the rate at which 
the carbon dioxide produced by spermatozoa increases the carbon 
dioxide and hydrogen ion concentration of the suspension. The 
procedure in the one (a) was essentially the reciprocal of that 
employed in decreasing the rate of diffusion of carbon dioxide. 
In the other method (b) the “‘buffer’’ (Henderson, L. J., 1908) 
action of sea water and therefore the rate of neutralization of the 
carbon dioxide was artificially increased. 


(2a) Increasing the Rate of Diffusion of Carbon Dioxide. 
In experiment 214 the sperm suspension was divided between 
two shallow vessels. The one remained in contact with the air 
of the room, while over the surface of the other a stream of carbon 
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TABLE V. 


THE RELATION BETWEEN THE LENGTH OF LIFE OF A CONCENTRATED SPERM Sus- 
PENSION AND THE RATE AT WHICH THE CARBON DIOXIDE PRODUCED 
BY SPERMATOZOA DIFFUSES FROM THE SUSPENSION. 


Experiment 32. 


A, Sh 


Age of Approximate Area in Square Centimeters 7 

oe of the Interface Between Air and Sperm A of 

Concentra- | Time of Suspension. og 
tiou of Sus- Insemi- "| Added to 

pension, nation, 3 20. Bo. Eggs in 
Sea Water. 


Percentage of Eggs Fertilized when Sperm 
Added to Four Drops Eggs in 5 c.c, 
of Sea Water. 


Hrs. | Min. 





86 62 59 
19 10 5 
3 I 0 


Experiment 33. 


Experiment 31. 


99 100 
100 60 

96 21 

99 23 

23 90 14 


2 


53 or / 

o 100 roo 
00 100 100 
30 100 100 
50 100 64 
23 100 33 
53 100 35 


dioxide free air was continuously drawn. In this way the carbon 
dioxide concentration of the one suspension was prevented from 
increasing at the same rate as that of the other. As a result the 
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carbon dioxide production of the spermatozoa in the latter case 
was not so much inhibited. The life of the sperm suspension 
was, therefore, shortened. 


TABLE VI. 


THE RELATION BETWEEN THE LENGTH OF LIFE OF A CONCENTRATED SPERM Sus- 
PENSION AND THE RATE AT WHICH THE CARBON DIOXIDE PRODUCED 
BY SPERMATOZOA DIFFUSES FROM THE SUSPENSION. 


Experiment 214. 


A, B. 
Age of Sperm. Approximate Carbon Dioxide Tension 
of the Air with which the Surface of 


Concentra- Time of the Suspension Was in Contact. 


tion of Insemination. 
Suspension. About o.3 Mm. About o.:1 Mm. 


Percentage of Eggs Fertilized when One 
Drop of Sperm is Added to Ten Drops 
Eggs in ro c.c. of Sea Water. 





0.02% 700 M. ce 
15 P.M. | 5 100! 100! 
1.30 30 100! roo! 
3.30 : 30 roo! 100! 
5.30 or ae 100! roo! 
7.15 15 roo! | roo! 
9-35 35 100! 85 
12.35 A.M. 13 35 roo! 77 
1.35 Bes ae 100! 74 
10.30 Sh ae 90 19 
12.15 P.M. 24 15 89 20 
1.30 | as: 1320 92 32 
5.00 29 00 93 25 
8.00 32 0o 81 I 
11.50 35 50 20 . oO 


(2b) Increasing the Rate of Neutralization of Carbon Dioxide. 

When a mixture of a weak acid and its salt, isohydric with sea 
water, is added to sea water, a series of solutions is obtained that 
tend increasingly to maintain the reaction of the sea water. 
The carbon dioxide produced by spermatozoa or other organisms 
changes the hydrogen ion and the carbon dioxide concentration 
of such solutions the less, the greater the concentration of weak 
acids, 

In the experiments to be reported mixtures of borax and boric 
acid were used (Palitzsch, 1914). It is, of course, necessary that 
neither the weak acid nor the salts of the weak acid that are 


' Fertilization was seen to be practically complete and the percentage of eggs 
cleaving was only estimated. 
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formed with the ions of sea water be toxic to the organism under 
investigation. According to a personal communication, C. M. 
Child has observed distinct toxic action of the concentrations of 
borates used in these experiments upon developing sea urchin 
eggs. It is therefore possible that the action of borates in short- 
ening the life of the sperm is in part due to their toxicity. 


TABLE VII. 


THE RELATION BETWEEN THE LENGTH OF LIFE OF A CONCENTRATED SPERM Sus- 
PENSION AND THE RATE AT WHICH THE CARBON DIOXIDE PRODUCED 
BY SPERMATOZOA IS NEUTRALIZED BY ISOHYDRIC BORATES. 


Experiment 208. 


A. B, Cc. D. £. F, 


No. of c.c. of Borate Mixture Added to ro c.c. 
of the Sea Water in the Sperm Suspensions. 
Time of In- — stint 

semination. 


Age of Sperm. 


Concentra- 
tion of 


Suspension. eo OT. | O.3- O85. | 1.0 2.0, 


Ph of Borate 


Percentage of Eggs Fertilized when Mixture 


One Drop of Sperm Added to Five 
Drops Eggs in 5 c.c. of Sea Water. 

°o 100 | 100 | 100/100) 99 100 8.41 
30 100 97 98 47 8 
00 g2| 82! 57/1 55 10 I 
35 52, 21 14 . o 9 


Experiment 205. 


o 100 | 100 100 
30 100 | 100 99 
20 66 28 4 


Experiment 209. 


10.00 A.M. | 100 | 
5-20 P.M. 20 | 98] 25] 


Experiment 223. 


4.00 P.M. 0 
10.00 A.M. 18 
11.30 A.M. 19 
12.00 P.M. 22 


4.00 P.M. ° 
10.00 A.M. 18 88 
11.30 19 . 85 
2.00 P.M. 22 100 
1 The eggs of a female that had been opened at 1.30 P.M. were used in this 
series of inseminations. They were evidently more easily fertilized than the eggs 
of the female that had been opened at 9.30 A.M. 
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In suspensions with the highest concentration of weak acids 
the spermatozoa lived for the shortest time. For the higher the 
concentration of weak acids the smaller the change in the hydro- 
gen ion and carbon dioxide concentration of the suspensions due 
to the carbon dioxide produced by the spermatozoa. Conse- 
quently spermatozoa in more alkaline solutions, where they were 
most active, lived for the shortest time. In order the better to 
prevent spermatozoa from being inactive, a borate mixture that 
was slightly more alkaline than sea water was employed in the 
first three experiments reported (Experiments 205, 208, 209). 
The hydrogen potential of the borate mixture is recorded in the 
last column of Table VII. 

That even this slight change in the hydrogen potential of the 
borate effects spermatozoa is demonstrated in Experiment 223 
where slightly different mixtures of borates were used in the same 
concentration. It will be seen that spermatozoa in the suspen- 
sion to which had been added the more alkaline mixture, lived 
the shorter time. 


VI. THe EFFECT OF THE HYDROGEN ION CONCENTRATION OF 
THE SUSPENSION UPON THE ACTIVITY AND UPON THE 
LONGEVITY OF SPERMATOZOA. 


The activity of spermatozoa is a function of the hydrogen ion 
concentration. Repeated observation has confirmed this rela- 
tion. Since there is a definite relation between the activity 
and the length of life of spermatozoa, the latter is also a func- 
tion of the hydrogen ion concentration. The hydrogen ion 
concentration of the ocean at Woods Hole, Massachusetts, 
is about 0.1 X 1077 (Ph 7.95 to Ph 8.15). The weak acids 
(Henderson, L. J., and Cohn, E. J., 1916) and the currents pre- 
vent the hydrogen ion concentration of the ocean from appre- 
ciably changing. In such a solution the length of life of sperma- 
tozoa is short. 


Loeb has observed the simultaneous spawning of the sea ur- 
chins (Strongylocentrotus purpuratus) at the shore of Pacific 
Grove. “At such spawning seasons the sea water becomes a 
suspension of sperm”’ (Loeb, J., 1916, p. 94). It would be inter- 
esting to know whether the hydrogen ion concentration of such 
a suspension increases. 
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Such concentrations of spermatozoa as were used in the experi- 
ments reported in the last section probably never occur in the 
ocean. The conditions that obtained in these experiments 
approximate those of ripe sperm in the testes very much more 
closely than they do those of sperm that are shed into the ocean. 
The hydrogen ion concentration in these suspensions increased 
not inconsiderably as a result of carbon dioxide produced by the 
sperm. This rise in carbon dioxide (and also in hydrogen ion) 
concentration was measured. The hydrogen ion and carbon 
dioxide concentration of the suspensions in which spermatozoa 
lived for the longest time was sufficiently great to inactivate 
spermatozoa. The length of life of concentrated sperm suspen- 
sions is therefore for the most part ascribable to the hydrogen ion 
concentration of such suspensions. 

The length of life of a sperm suspension at different hydrogen 
ion concentrations was determined. 

Two criteria of the length of life of the sperm were employed. 
The fertilization tests are reported. The hydrogen potential of 
the sea water was determined by colorimetric comparison with 
standardized mixtures of borates or phosphates in the way that 
that has already been described (p. 171). 

In the experiments to be reported the hydrogen ion concentra- 
tion was decreased by the addition of sodium hydroxide to sea 
water. The hydrogen ion concentration was increased by the 
addition of hydrochloric acid. 

When an acid stronger than carbonic acid is added to sea water, 
carbonic acid is displaced from its salts and carbon dioxide is set 
free. As the carbon dioxide that is set free diffuses from the 
solution the hydrogen ion concentration decreases, until the 
carbon dioxide of the sea water is again in equilibrium with the 
partial pressure of that gas in the air. The hydrogen ion con- 
centration that is eventually reached is different from the original 
hydrogen ion concentration of the sea water, but nearer to it 
than to the hydrogen ion concentration immediately after the 
acid is added. This regulation of the neutrality persists until all 
of the carbonates have been decomposed. The rate at which 
equilibrium is approached depends upon the temperature, the 
surface, and the degree of agitation. 
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Because of this property of carbonate solutions it is necessary 
to know not only the hydrogen ion concentration but also the 
carbon dioxide tension. The latter is, as stated, above expressed 
by the number of millimeters of mercury that represents the 
partial pressure of the gas. The procedure usually followed was 
to restore the equilbrium between the sea water (of whatever 
hydrogen ion concentration) and the carbon dioxide of the air, 
before beginning an experiment. This was accomplished either 
by shaking with air, or by bubbling air through the solutions. 

In a series of experiments it was found that the more alkaline 
the solution (4. e., the lower the hydrogen ion concentration) the 
shorter the life of the sperm. The activity of the spermatozoa 
is increased in these suspensions, and spermatozoa that are 
added to ripe eggs in sea water while in this activated condition 
have a greater ‘fertilizing power” (this has been previously 
reported. See Fuchs, H. M., 1915) than spermatozoa that have 
been in less alkaline sea water. This lasts for a much shorter 
time, since the life of spermatozoa is very short in alkaline solu- 
tion. (If the hydrogen potential is greater than about Ph 9.4 
spermatozoa are instantly agglutinated.) In order to demon- 
strate the increased “‘fertilizing power’’ of spermatozoa that have 
been in alkaline solution it is necessary to inseminate in such 
dilution that the spermatozoa that have been in sea water with 
greater hydrogen ion concentration do not fertilize all of the eggs. 

Experiment 227 illustrates both the effect of alkaline sea water 
in increasing the “‘fertilizing power” for a short time and of more 
acid sea water in increasing the time during which the “fertilizing 
power” is exhibited. The reversal in the effect of alkaline sea 
water upon the “fertilizing power” of spermatozoa was demon- 
strable only because the eggs used in the first part of this experi- 
ment were fertilized with difficulty. Otherwise the early fer- 
tilizations would have been complete, and the effect of alkaline 
sea water upon spermatozoa not have been observed. Diagram 
III. represents the prolongation of the life of the sperm in acid 
suspension. ‘The ordinates measure the fertilizing power of the 
sperm at the times designated by the abscisse. The hydrogen 
potentials of the suspensions are symbolically recorded. 

If sea water is much more alkaline than Ph 9.4, spermatozoa 
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are instantly agglutinated. If sea water is about Ph 7.6, sper- 
matozoa are inactive. Sea water that is much more acid than 
Ph 7.6 not only tends to inactivate, but also to destroy sperma- 
tozoa and the more so the higher the hydrogen ion concentra- 
tion and the longer the sperm are subjected to these acidities. 
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D1aGrao III. 


In sea water that is less acid than Ph 7.6 spermatozoa live the 
longer the higher the hydrogen ion concentration. The more 
inactive the spermatozoa the more slowly their “fertilizing 
power”’ diminishes when they are transferred to sea water where 
they are reactivated. 


VII. THE RELATION BETWEEN THE ACTIVITY AND THE “ FER- 
TILIZING POWER” OF SPERMATOZOA. 

“Within a wide limit of egg-concentration the important 
factors in fertilizing power of sperm suspensions are: (1) concen- 
tration, (2) time” (Lillie, F. R., 1915,-7246). The results of 
this investigation confirm this general couebtision of Lillie’s, and 
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add one more factor, the hydrogen ion concentration. For 
the length of life and the “fertilizing power’’ of a sperm suspen- 
sion are dependent on the hydrogen ion concentration of the 
suspension, and the ‘fertilizing power’’ of spermatozoa at the 
same hydrogen ion concentration is in some way dependent upon 
the sperm concentration. 


THE EFFECT OF THE HYDROGEN ION CONCENTRATION UPON THE 
FERTILIZING POWER OF SPERMATOZOA. 


The loss of ‘‘fertilizing power” of active sperm suspensions 
of approximately the same concentration (0.04 per cent.) at 
different hydrogen ion concentrations is graphically represented 
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D1aGRAM IV. 


in Diagram IV. The curves are plotted from the data in Table 
VIII. on the basis of maximum “fertilizing power’’ at Ph 9.0. 
If but 50 per cent. of the eggs were fertilized at Ph 9.0 (as in ex- 
periment 227-1.) and 24 per cent. at Ph 8.4 the ratio of the “‘fer- 
tilizing powers” is of course as 100 to 48. 
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TaBLe VIII. 
THE EFFECT OF THE HYDROGEN ION CONCENTRATION OF THE SUSPENSION UPON 
THE FERTILIZING POWER AND UPON THE LENGTH OF LIFE OF 
SPERMATOZOA. 


Experiment 20. 


C.c. of 0 o2N C.c. of 0.2.V 
HCI to ro c.c, Sea} NaOH to 10 c.c. 
Water. Sea Water. 


| i . 
1 1.0,| os! °. 06,| +12,| .25,| -50. 
Age of Sperm. ; co ees & a 
Ti c : NO. rops 
Concentration Time of Hydrogen Potential of Sperm Sus- | of Sperm 
of Suspension. ne pensions at CO, Tension of Air. Added to 


Eges. 


| n74 8.0,| 8.2.) 8.4 8.¢ A ).0. 


Percentage of Eggs Fertilized when 
Min, | Sperm is Added to Five Drops Eggs 
in 5 c.c. of Sea Water. 


o 
2 41| 48| 67 
9 0} oO] oO 


Experiment 220. 


I 


Experiment 21. 


Oo 

3 4 
13 Il 
23 19 
38 13 


Experiment 227—II2 
53 |100 100) 89} 96 4! 
23 100 100 67 

53 (100 100 60) 63 


Experiment 22. 


25 

-40 100 100 100 100 100 
-T5 98 | 100 100, 100/100 
-20 4 55 35| 86 90 5° Oo 


1 But 0.3 c.c. of sodium hydroxide had been added in Expt. 227. The Ph was 8.8. 
? Same sperm used as in 227—I. The eggs, however, of another female. 





STUDIES IN THE PHYSIOLOGY OF SPERMATOZOA. 195 


Spermatozoa that have been in alkaline sea water have a 
greater ‘fertilizing power’’ than spermatozoa that have been in 
sea water at the hydrogen ion concentration of the ocean. This 
becomes apparent only at dilutions such that the spermatozoa 
that have been in the less alkaline sea water do not fertilize all 
of the eggs. If all of the eggs are not fertilized, it must be either 
(a) because there are not enough spermatozoa or (b) because the 
spermatozoa are not sufficiently potent. Since the same con- 
centration of sperm is able to fertilize completely at another hy- 
drogen ion concentration, the first alternative does not explain 
the results in these experiments (Experiment 20, 21, 226, 227-I.). 

If the ‘fertilizing power” of active spermatozoa were exactly 
proportional to the energy expended, the areas beneath the 
curves in the diagram would be exactly equal, since the total 
available energy of spermatozoa is practically constant (p. 183). 
If the relation is not as simple as this, it is at all events perfectly 
definite and definable, and strongly suggestive of a simple func- 


tional relation, at least during the first few minutes of the life 
of the sperm. 


THE EFFECT OF THE SPERM CONCENTRATION UPON THE ‘FER- 
TILIZING POWER” OF SPERMATOZOA. 

“In his epoch-making ‘Expériences pour servir a l'histoire de 
la génération des animaux et des plantes’ published in 1785 the 
Abbe Spallanzani describes among his numerous experiments on 
fertilization and artificial parthenogenesis some determinations 
concerning the minimal quantity of sperm necessary to fertilize 
the eggs of the frog” (Lillie, F. R., 1915, p. 229). “In 1824 
Prevost et Dumas confirmed these” results (Lillie, F. R., 1915, 
p. 229). More recently in the “Analysis of Variations in the 
Fertilizing Power of Sperm Suspensions of Arbacia”’ (Lillie, F. R., 
1915, p. 229) that has already been quoted, F. R. Lillie demon- 
strated that at ‘‘a dilution of 1/10,000 per cent.,’’ where “one 
can rarely find a single spermatozodn in the jelly of the fertilized 

1 Thereafter it is difficult to conceive of the physiological condition of the 
spermatozoén as suffering no alteration. A change in the physiological condition 
must in turn affect the “fertilizing power.’’ Strong evidence for the view that 


the ageing of Echinid sperm affects its physiological condition has previously 
been presented by Dungay (1913) and Vernon (1899). 
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TABLE IX. 


THE EFFECT OF THE HYDROGEN ION CONCENTRATION OF THE SUSPENSION UPON 
THE FERTILIZING POWER AND UPON THE LENGTH OF LIFE OF 
SPERMATOZOA. 


Experiment 228. 


C.c. of .o2N HCI to ro ¢.c. Sea Water 


Age of Sperm. | 1.0. 0.9. 0.8 0.5. 0.0. 


Concentra- | Time of Hydrogen Potential at CO: Tension of Air Ro Drege 
tion of | Insemi- of Sperm 


‘ ; ati Added 
Suspension. nation. 7-4. 7-7. 8x to Eggs. 


Hrs. Min. Percentage of Eggs Fertilized when 
Sperm is Added to Five Drops 
Eggs in 5 c.c. of Sea Water 


“55 
.00 
IS 
00 


“55 
.00 
15 
.00 


11.55 
12.00 ‘ It 94 100 
12.15 78 86 

1.00 ‘ 33 5 


> 


Experiment 215. 


84 
12 
Oo 


eggs” (Lillie, F. R., 1915, p. 234) about 95 per cent. of the eggs 
were fertilized if the time, which “‘is an extremely important 
factor with reference to fertilizing power” (Lillie, F. R., 1915, 
p. 234) during which the sperm were in sea water, was short. 
For: ‘‘If the sperm suspensions lose their fertilizing power with 
time, it must be that the significance of time in this respect 
varies inversely to concentration”’ (Lillie, F. R., 1915, p. 239). 

I believe that Lillie’s results have conclusively demonstrated 
that one sperm is quite sufficient to fertilize an egg if it has not 
already expended a large part of its available energy. There- 
after the statement that “the initiation of development by a 
single spermatozoén . . . is impossible because a single sperm 
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cannot affect those changes in the egg-coverings’’ (Glaser, O., 
1915, p. 153) which are'necessary to fertilization, has unques- 
tioned significance. The older the spermatozoa and the more 
their available energy has been expended, the more spermatozoa 
are necessary in order to effect fertilization. There is, however, 
even then no doubt that ‘“‘a single spermatozodén is sufficient to 
carry out the bi-parental effect’’ (Glaser, O., 1915, p. 153). 

The “fertilizing power’’ of sperm at the same hydrogen ion 
concentration is, therefore, in some way dependent on the con- 
centration of thesperm. In Experiment 228 in Table IX. (p. 196) 
a 0.001 per cent.; a 0.005 per cent. and a 0.01 per cent. suspension 
was made from the sperm of one male. The “fertilizing power” 
at each hydrogen ion concentration was lost the sooner the 
smaller the concentration of sperm. 

It is, of course, true that in all but the most dilute suspensions 
the hydrogen ion concentration will in a short space of time be 
the higher the more concentrated the suspension as a result of 
the carbon dioxide produced by the sperm. This probably oc- 
curred in Experiment 22, but it is improbable that this was the 
only factor in the other experiments, and it certainly was not a 
factor in the data that will now be presented. 

In Experiments 31, 32 and 33 (p. 186) different amounts of 
sperm from the same suspension were added to the same concen- 
tration of eggs. These experiments are retabulated in order 
that the percentage of eggs that were fertilized by different 
amounts of sperm from the same suspension at the same time 
can more easily be compared. When all of the eggs were not 
fertilized by both concentrations of sperm the number of eggs 
fertilized was always the greater the more spermatozoa were 
added.! 

This is not a new observation. It is the common experience 
of investigators, and may be explained either by assuming that 
in the greater concentration more sperm will on the average 
arrive at the periphery of the egg with sufficient action (having 
the dimensions of energy X time) to initiate development, or by 
assuming that mass action of spermatozoa may be effective in 

1It should be pointed out that whereas motility is unquestionably a. mani- 


festation of energy, the observation of motile spermatozoa at the-periphery of an 
unfertilized egg in no way indicates the physiological condition of the spermatozoa. 
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initiating the development of the egg. This implies that what is 
true in parthogenesis is also true in normal fertilization. R. S. 
Lillie (Lillie, R. S., 1916) has quite beautifully shown that the 
product of the concentration of the parthenogenetic agent and 
the length of time during which it is necessary to subject eggs to 
the agent in order to initiate development is a constant. The 
evidence that has been presented strongly suggests a similar 
quantitative relation in fertilization. 


TABLE X. 


THE RELATION BETWEEN THE CONCENTRATION OF THE SPERM AND THE PERCENTAGE 
OF EGGS THAT ARE FERTILIZED. 


Age of Sperm Amount of Sperm Amount of Sperm 
Suspension, Added. Added. 


Number of Designation ro 


Experiment. of Suspen- 1 Drop. 4 Drops. x Drop. 8 Drops. 
sion, ona = — 


Percentage of Eggs that | Percentage of Eggs that 
are Fertilized, are Fertilized. 


19 41 
10 13 
5 | It 


31 


3 
3 


23 64 


90 
14 33 


61 100 
7 35 


VIII. THE EFFECT OF THE CARBON DIOXIDE CONCENTRATION 
UPON THE ACTIVITY AND UPON THE LONGEVITY 
OF SPERMATOZOA. 
The effect of increasing the carbon dioxide concentration of 
the suspension is to increase the length of life of the spermatozoa. 
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TABLE XI. 


Tue EFFECT OF THE CARBON DIOXIDE TENSION UPON THE LENGTH OF LIFE OF 
SPERMATOZOA. 


Experiment 225. 


CO; Tensions of the Suspensions in Mm. 


16. + 2. I. 03+. 


‘ Age of Sperm, | —————-_——_—_____ ___________._.....-| 
Concentra- | Time of s P No. Drops 


tion of Insemi- Hydrogen Potentials of the Suspensions. Sperm 
Suspension, | nation, ee — to 
6.5. 7.0. 73> 7.6. 8.0. MBBS. 


Percentage of Eggs Fertilized when Sperm 
Added to Eggs in 5 C.C. of Sea Water. 








4 
o 


T5 


Experiment 213. 


12.10 
12.20 100 
1.50 100 


3-30 
4.50 
9.40 
9.40 

12.15 


98 
100 
99 
100 
84 


° 
For as the carbon dioxide concentration of sea water increases, 
so also does the concentration of carbonic acid and of hydrogen 
ions. In several experiments the length of life of a spérm sus- 
pension at different carbon dioxide tensions? was determined 
and sperm were found to live for the longest time when the car- 
bon dioxide tension was about one millimeter. The hydrogen 
potential of sea water at a carbon dioxide tension of one milli- 

1 In this experiment five drops of eggs were added to the undiluted suspensions. 


* The relation between the tension and the concentration of carbon dioxide is 
discussed on page 172. 
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meter is about 7.6 (Henderson, L. J., and Cohn, E. J., 1916). 
But this is the hydrogen potential that has been found to be 
most effective in increasing the length of life of spermatozoa, 
Three experiments are reported in Table XI. It will be seen 
that when the carbon dioxide tension is greater than one milli- 
meter and the hydrogen potential less than 7.6, sperm are de- 
stroyed. This is in complete agreement with what has already 
been found with respect to the hydrogen ion concentration. 

It is not maintained that the only effect of carbon dioxide 
upon the physiological condition of spermatozoa is brought about 
by ionized hydrogen. On the contrary, several experiments, 
which are unfortunately not conclusive (and are therefore not 
reported) indicate a difference in the subsequent behavior of 
spermatozoa that are subjected to the same hydrogen ion con- 
centration but to different carbon dioxide tensions. The fact 
that the total carbon dioxide production per unit concentration 
of sperm in concentrated suspensions is less than in more dilute 
suspensions (Table IV.) suggests that the rate at which carbon 
dioxide is eliminated depends in some way upon the difference 
in carbon dioxide tension between the spermatozoon and its 
environment. 


IX. THE EFFECT OF THE OXYGEN CONCENTRATION UPON THE 
ACTIVITY AND UPON THE LONGEVITY OF SPERMATOZOA. 


The generalization may be hazarded that whatever decreases 
the activity increases the length of life of spermatozoa and con- 
versely that whatever increases the activity decreases the length 
of their life. Buller (Buller, A. H., 1902) observed the differen- 
tial activity of spermatozoa in an oxygen gradient (see p. 175). 
Drzewina and Bohn (Drzewina, A., and Bohn, G., 1912) have 


demonstrated that sperm live for a long time in an oxygen-poor 
medium. 


Drzewina and Bohn have also demonstrated that the addition 
of KCN to sea water prolongs the life of the sperm. Loeb (1915) 
has shown that spermatozoa are immobilized by NaCN, and it is 
certain that the length of their life is thereby increased. ‘It isa 
well-known fact that the unfertilized eggs of the sea urchin (in 
fact of all marine animals) perish when they lie for some time in 
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r and one of the main causes of this phenomenon is also 
. namely oxidations. If the oxidations are inhibited 
sugh the removal of oxygen or the addition of KCN the life 
A the eggs can be prolonged’’' (Loeb, J., 1915, p. 282). 

It is probable that oxygen lack also plays a part in increasing 
the length of life of concentrated sperm suspensions. McClendon 
(McClendon, Gault and Mulholland, 1917) has recently esti- 
mated that respiration that raises the hydrogen potential of sea 
water (of excess base 23) to approximately 7.6 uses up all of the 
available oxygen. 

The experiments of Drzewina and Bohn have been repeated 
and the results substantially confirmed. Spermatozoa are quite 
inactive in the concentrations of KCN that are most effective in 
prolonging the life of spermatozoa. The results of several ex- 
periments follow. 


TABLE XII. 


THE EFFECT OF THE ADDITION OF KCN To SEA WATER ON THE LENGTH OF 
LIFE OF THE SPERM SUSPENSION. 


Experiment 14. 


Number of C.C. of o.1:¥V KCN Added} 
; to a Liter of Sea Water. 

Age of Sperm. 
Concentration Time of 10 | 2.5 1.25 0.62/0.31|0.16 0.04, 0 
of Suspension. peta outils sap 

ion. . > . spe 
Percentage of Eggs Fertilized when 
Hrs. Min. Sperm Added to Eggs in 
5 C.C. Sea Water. 


99) 97 97 
100; 98 
1\100 

2)100 26 
73 


Experiment 27. 


3-45 
4.40 100/100 100 
9.50 s 100/100|100 
9-45 5} 99) 98 
2.00 Oo; 4 2 


4.45 6 o 


7-00 ’ s I 


1 The way in which KCN effects the oxidations of cells need not be discussed 
in connection with these experiments. For a discussion of this question see Lillie, 
R. S., 1916, page 311, and Child, C. M., 1915, p. 66). 

* Insemination took place in 10 c.c, of sea water in this experiment. 
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X. THe Errect oF BEEF BROTH UPON THE ACTIVITY AND UPU. 
THE LONGEVITY OF SPERMATOZOA. 


Gemmill showed that the length of life of spermatozoa could 
be increased by adding beef broth to sea water. He believed 
that this brought about the “‘keeping alive of spermatozoa by 
artificial nutrition” (Gemmill, J. F., 1900, p. 171) (see p. 178). 

The work of Gemmill has been repeated and his observation 
that sea water to which beef broth has been added in appropriate 
concentration prolongs the life of spermatozoa, confirmed. The 
activity of spermatozoa, however, is decreased in the beef broth 
suspensions. Moreover the addition of beef broth to sea water 
increases the hydrogen ion concentration.! 

It is unfortunately not possible to neutralize the suspension 
without throwing down a heavy precipitate. This brings about 
such changes in the ionic composition of the sea water as to make 
uninterpretable the results of experiments carried out in such a 
medium. 

The protocols of two experiments that confirm the results of 
Gemmill are recorded. 

2.5 grams of Armour’s ‘‘extract of beef’’ were dissolved in 290 
c.c. of sea water, making the concentration by weight approxi- 
mately 8.6 per cent. The suspension of beef broth in sea water 
was acid to neutral red. That is, the hydrogen ion concentration 
was greater than Ph 6.5. Diluting the suspension at once de- 
creased its concentration in beef broth and in hydrogen ions. 
The hydrogen ion concentrations were not directly determined, 
but their approximate value has been calculated from the num- 
ber of cubic centimeters of 0.01.V NaOH required to make them 
alkaline to phenolphthalein. 

To 10 c.c. of the different concentrations of acid broth one drop 
of dry sperm was added. Tests were made by adding one drop 
of each sperm suspension to five drops of eggs in 10 c.c. of sea 


water. The percentage of eggs that were fertilized are reported 
in Table XIII. 


1 The increase in viscosity of the suspension, and also the increase in protein 
content, may be effective in decreasing the activity of spermatozoa. 
2 In all probability an insoluble calcium salt or aggregate. 


fages 2e3- 21h bund sftev /36 
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TABLE XIII. 


Tue EFFECT OF THE ADDITION OF BEEF BROTH TO SEA WATER UPON THE LENGTH 
oF LiFE OF SPERMATOZOA. 


Experiment 35. 


| Concentration of Beef Broth in 
Sea Water. 


tend 
| 8.6%. 8.6f. | 4.3. | 2. i6.| ttf. | 0.56. 0.0%, 


. 
Concentra- 
® tion of 
oe 
| 


Probable aeereoe Potential of No, of 
the Suspensions. Drops Sperm 
ee Added to 
65. | 72. | 76. | 78. | 7. | 8.0. Eggs. 


Suspension. 


ata i Age of Sperm. | Percentage of Eggs Fertilized when 
Time of | Sperm Added to Five Drops Eggs 
Insemination, Hrs. Min. | in ro C.C. of Sea Water. 


—— |— — a 
| 


0.02% 11.55 o | 61 | 81 | 99! 99 
12.25 3e¢ | 2 | 92 {100} 58 

12.48 53 | 0O| 61 88 | 99 

1.15 20 | oO 5 19 | 67 

1.45 | 50 } °o oO 2| 46 


I 


Experiment 34. 


o | 98 99 98 
97 | 95 

53 95 94 

89 | 98 


XI. THe Errect or “EGG WATER” UPON THE ACTIVITY AND 
UPON THE LONGEVITY OF SPERMATOZOA. 

Owing to the fact that sperm are ‘‘agglutinated”’ by the water 
in which eggs of the same or closely related species have been 
allowed to stand, much interest has centered around the effects 
of the so called ‘‘egg water” or “‘fertilizin’’ upon the fertilizing 
power of spermatozoa. 

A. H. Buller seems to have been one of the first students of the 
fertilization process in Echinids to have noticed this phenomenon. 
In 1900 he reported before the British Association: ‘‘In the case 
of Arbacia it was discovered that when spermatozoa are intro- 
duced into a drop containing freshly extruded eggs they collect 
into small balls, often composed of 100 or more individuals. 
The balls were also formed after the water had received four 
successive filtrations. A tactile stimulus appears to play a part 
in the phenomenon” (Buller, A. H., 1900, p. 387). 

Since then this phenomenon and the properties of the agglu- 
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tinating ‘‘egg water’: have been successively studied by E. von 
Dungern (1901) and (1902); A. Schiicking (1903) J. De Meyer 
(1911); F. R. Lillie (1912, 1913, 1914, 1915); H. M. Fuchs (1915); 
Jacques Loeb (1914, 1915); Otto Glaser (1913, 1914); A. Richards 
and A. E. Woodward (1915) and A. E. Woodward (1915). Each 
investigator has conceived the function of the “‘egg water”’ and 
its importance in the fertilization process to be different. It is 
not the purpose of the present communication to consider the 
function of the ‘“‘egg water”’ (although that is a problem of great 
biological interest) but the behavior of the spermatozoén, and 
it has been possible to repeat and to explain many of the seeming- 
ly contradictory observations of different investigators on the 
effect of “egg water’? upon the fertilizing power and upon the 
length of life of spermatozoa. 

The effect of ‘‘egg water’’ upon spermatozoa as was clearly 
shown in the admirable investigation of Schiicking depends upon 
the relative concentration of egg water and sperm; upon the abso- 
lute concentration of each; and upon the length of time during 
which sperm are allowed to remain in the egg water. Schiicking 
observed that: ‘‘ Die sauer reagirende Eimasse iibt bei den genann- 
ten Echinodermen eine tédtliche, bei kurzer Dauer der Ein- 
wirkung lihmende, in geringer Menge agglutinirende bezw. 
erregende und anlockende Wirkung auf Spermien der eigenen 
und fremden Art aus” (Schiicking, A., 1903, p. 91). 

In a more complete analysis of the phenomenon of activation 
and agglutination F. R. Lillie (1913) showed that if “egg water”’ 
is added to a sperm suspension the activity of the spermatozoa 
is greatly increased. One of the manifestations of this increased 
activity is the “‘agglutination’’ phenomenon. According to 
Gray “‘if a drop or two of a very weak solution of cerous chloride 
is added to a suspension of Arbacia sperm in sea water the sper- 
matozoa become intensely active, and rapidly aggregate into 
clumps” (Gray, J., 1915, p. 123). This may possibly be (Lillie, 
F. R., 1915, p. 20) what Lillie now calls ‘“‘mass coagulation,” 
which was described by Loeb in 1904 (Loeb, J., 1904) and is 
favored not only by increase in the hydroxy] ion concentration 


1 The distilled water “extract’’ of Echinid eggs has been found to possess many 
of the properties of the ‘‘egg water.” 
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but by increase in the concentration of bivalent ions, notably 
calcium (Loeb, J., 1914). Unlike ‘‘agglutination”’ it is not rever- 
sible. In an earlier paper Lillie did not distinguish between the 
two phenomenon, for he wrote: ‘‘Agglutination is not in itself a 
specific process; it may take place spontaneously to a certain 
extent under some conditions; it is caused by increase of alkalinity 
of the sea-water”’ (Lillie, F. R., 1913, p. 563). Loeb has desig- 
nated Lillie’s ‘‘agglutination”’ 


sé 


as ‘‘cluster formation.” 

It will be remembered that increasing the alkalinity also in- 
creases the activity of spermatozoa. Loeb (1914) has shown that 
inactive sperm do not exhibit the reversible ‘‘agglutination.’’! 
The irreversible agglutination, or ‘‘mass coagulation’’ is inde- 
pendent of the motility of the spermatozoa. 

If the “egg water” is of sufficient strength,? however, the 
sperm are completely non-motile after the initial period of activa- 
tion. By adding eggs to such spermatozoa Lillie showed that 
their fertilizing power was slight. ‘‘The powerful effect of the 
egg extract on spermatozoa of the same species may be shown by 
a complete loss of motility as we have already seen, and also by a 
corresponding loss or diminution of the fertilizing power’ 
(Lillie, F. R., 1913, p. 558). 

Fuchs (Fuchs, H. M., 1915) in experiments in which sperm that 
had been treated with ‘‘egg water’’ were added to eggs in sea- 
water showed that the fertilizing power of the sperm had been 
increased by the ‘egg water.’”® 


, 


But an analysis of the effect of ‘‘egg water” upon the fertilizing 
power of spermatozoa must differentiate between the following 


1 That ‘‘agglutination’’ is reversible may possibly be attributable to an increase 
in the acidity of the clusters; the result of the carbon dioxide produced by the 
tremendously active spermatozoa. In alkaline medium the carbon dioxide would 
be neutralized. 

2 In the measurement of the strength of “‘egg water’’ the method of F. R. Lillie, 
(namely considering that dilution of ‘“‘egg water’’ that gives a visible “agglutina- 
tion’’ as unity), is adopted. Reference is made to the papers of Lillie, F. R., and 
Fuchs, H. M., for a detailed description of the methods and precautions employed 
in this type of experimentation. 

% According to T. B. Robertson, ‘‘when spermatozoa are washed in 3/8 M SrClz 
and then in blood serum, they gain an added potency in fertilizing.’ (Robertson, 
T. B., 1913, p. 128.) The same treatment agglutinates (ibid., page 71) (and also 
cytolyzes) (ibid., p. 91) the eggs of the sea urchin. 








ee 
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effects of “‘egg water’ upon the physiological condition of sper- 
matozoa. 

When sperm are added to egg water, their activity is tremen- 
dously increased. If they are then immediately transferred to 
the ripe eggs of the same species in sea water it is to be supposed 
that their fertilizing power will for a very short time be at least 
as great, if net greater than the fertilizing power of less active 
sperm. The experiments by Fuchs seem to have been conducted 
in this way. The experiments which are recorded in Table XIV. 
were carried out in such a way as to make the time during which 
the sperm were in the “‘egg water” as short, and the volume of 
sea water in which the sperm were added to eggs as great, as 
possible. A few experiments appear to agree with those of 
Fuchs in that the ‘“‘egg water” increased the fertilizing power of 
the sperm. The results are irregular, however, for if the con- 
centration of the ‘‘egg water” is too great, or if the time during 


‘ 


which spermatozoa are in the “‘egg water”’ is too long, so that 
the activity of the spermatozoa is decreased, the fertilizing power 
of spermatozoa is not so great as is that of spermatozoa that have 
been in sea water. This seems to have been the case in the ex- 
periment of Lillie quoted by Fuchs; in which ‘‘to five watch 
glasses containing each eight drops of water or of different con- 
centrations of egg-extract were added three drops of ‘opalescent’ 
sperm-suspension. After 12 minutes, a drop of a suspension of 
fresh eggs was added to each.’ 5 per cent. of the eggs in the 
water segmented, but none of those in the four different concen- 
trations of extract” (Fuchs, H. M., 1915, p. 275; Lillie, F. R.., 
1913, p. 558). It will be noted that in this experiment of Lillie’s 
insemination took place in the egg extracts. Repeating this 
procedure as nearly as possible, Fuchs was able to obtain higher 


‘ ’ 


percentages of fertilization in his ‘‘extracts’’ than in the sea 


’ 


water. This difference in the effect of egg ‘‘extracts’’ upon the 
fertilizing power of spermatozoa is probably due to the relative 


concentration of the “‘extract”’ and-the sperm, and to the absolute 


strength of the former. For, as Schiicking early observed, al- 
though spermatozoa are stimulated by low concentrations they 
are “lamed”’ (that is, their activity is temporarily decreased) by 
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THE EFFrect oF “EGG WATER" UPON THE FERTILIZING POWER OF 


Concentration at Insemi- 


SPERMATOZOA. 


Experiment 8. 


Age of Sperm. 





nation, 
Concentration 
of Suspension 

Drops of | Vol.ofSea| prs. Min 

Sperm. Water. ? 

0.04% I 50 c.c 0 0 

| 0 5 

I | 200 c.c. o oO 

oO 5 

Experiment 12. 

o * | 

0.04% I 50 c.c. 0 | 2 

oJ] 5 

o |} 10 

8 50 c.c. 21-1; 30 
Experiment 11.2 

0.04% I 50 c.c. o o 

0 5 

o 10 

Experiment 16. 

is 

0.013% I 5 c.c. 0 3 

I 22 

Experiment 5.8 

0.04% 8 $cc. 0 5 

o 10 

I 0o 

2 00 

5 t5 

Experiment ro. 

; 0.04% I 50 c.c oO 3 
0 8 

3 50 


1 In Experiment 8 the strength of the “‘egg waters”’ 


water” gave a 60-second reaction. 


Approximate Concentration of 


** Egg Water.” 


640. 128,| 64. | 16. 8. 


Percentage of Eggs Fertilized 


08 
41 


i) 
22 


68 
89 





|x| 0 


by Sperm. 
44 59 12 
17 9 14 
18 52 23 
30 II 9 
87 86 | 78 
76 58 | 37 
34 10| 7 
18 25|\ 14 
II 16 
21 10 
38 
52 | }42/)45)| 27 
81 
10 | 8); 6/11 
49 36 28) 19 
21 26| 6 2 
37 27; 8| 4 
42 8| 3 2 
oO 0; 0 o 
75 | 95 | 94 |100 
10 83/21) 94 
10 


87 


2 In Experiment 11 the strength of the “egg waters’ was as 125 to 5. 





*In Experiment 5 the strength of the ‘‘egg waters’’ was as 16:4:1. 


|} 61 |67| 62 


was as 3 to I, but the ‘egg 
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a 
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higher concentrations of egg ‘‘extract.’"' In certain of the ex- 
periments that are recorded the “fertilizing power” of the sperm 
was increased in certain concentration of ‘‘egg water”’ but de- 
creased in greater concentration. 


r rer 
TABLE XV. 
THE Errect or “EGG WATER” UPON THE LENGTH OF LIFE OF SPERMATOZOA. 


Experiment 17.2 


Approximate Concentration of ‘‘ Egg Water. 


Concentration at Age of 
Rese . Insemination. Sperm. 
Concentra- F 1280./640. 128. 64. | 32. | 16. 8. 
tion of 3 
rae: Drops of Vol ot 
Sperm. Sea Water. Hrs, Min. Percentage of Eggs Fertilized by Sperm. 
0.013% 2 § cc. I oO 38 57) 76 7 


Experiment 13.* 


0.04% 8 scc. | 0 | 2 |r00 100 100 100/100 
I 0 100 100 99 96 OI 
2 2 98 gI 604 42, 60 
3 40 99 82 60 26 30 
5 o 95 40 7 8 10 
7 0 54 8 I 2 
Experiment 19.4 
I 0% I 0.7 C.Cc, Ig | 40 60 | 97 99 oO 
24 |35 16| 77 100 0 
43 40 Oo Oo Oo Oo 


Where the relative concentration of the “egg water’’ and 
sperm is such that the activity of the sperm is decreased, the 
length of life of the sperm, as measured by their ability subse- 
quently to fertilize the ripe eggs of the same species in sea water, 
is greater than is that of sperm that exhibit constant activity in 
sea water for an equal length of time. This is to be expected 
since the activity of spermatozoa is limited (Cohn, E. J., 1917). 
Whereas the fertilizing power of sperm that have been in “egg 
water” of various concentrations for but a few moments is often 

1 All of the properties of “egg water’’ and “egg extract’ are not the same. 
Sperm are, however, activated and agglutinated by both. 

2 The actual strength of the “‘egg water’’ used in Experiment 17 is not known. 
In all three suspensions, however, it gave at least a three minute agglutination. 

8’ An egg extract was used in Experiment 13. 


4 An egg extract was used in Experiment 19. The strengths of the egg extracts 
were as 1:5:25. The weakest gave a 70-second agglutination. 


-_) 
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smaller than that of sperm that have been in sea water, the fertili- 
zing power of the latter is soonest lost. Schiicking reports an 
experiment of this kind. ‘‘Wenn einer grésseren Spermienmenge 
ein geringes Quantum Eisubstanz zugesetzt war, so dass die 
Samenfaden nur gelahmt wurden, so konnten die Spermien noch 
nach 12 Stunden durch Zusatz von Seewasser wieder beweglich 
und befruchtungsfahig gemacht werden, wahrend die in See- 
wasser gebrachten Spermien je nach der Temperatur nach fiinf 
bis acht Stunden abgestorben waren”’ (Schiicking, A., 1903, p. 59). 

Since the length of time that “‘egg water’ preserves the life 
of sperm depends upon the relative concentration of the ‘‘egg 
water” and of the sperm, and since the ability of ‘egg water”’ 
to preserve the life of the sperm depends on the decreased ac- 
tivity of the sperm that follows the initial activation, the sooner 
the sperm become non-motile (or exhibit decreased activity) the 
longer the span of their life. It is therefore obvious that a very 
concentrated “‘egg water’’ will often be less effective in preserving 
their life than a less concentrated “‘egg water.’’ In Table XV. 
such conditions evidently obtained. Distilled water extracts 
of eggs (made isotonic by the addition of sea water that had been 
concentrated by evaporation) such as were employed by Schiick- 
ing were used in Experiments 13 and 19. Egg extracts can be 
obtained with very great ‘‘agglutinating strength.” 

In the experiments reported in Table XIV. the sperm suspen- 
sions were, for the most part, made in weaker egg waters. (The 
egg waters employed in different experiments were probably not 
of exactly equivalent concentration. The concentrations re- 
ported are only approximate.) Moreover sperm was added to 
eggs in large volumes of sea water. Under such conditions the 
length of life of spermatozoa, as measured by the loss of fertilizing 
power, is relatively short. 

A large part of the effect of ‘‘egg water”’ in preserving the life 
of spermatozoa is attributable to the hydrogen ion concentration 
of these solutions.' Lillie, F. R., remarked: “‘That the sea water 

1 Schiicking, A., also ascribed this property of egg ‘‘extracts"’ to their acidity. 
The acidity in the case of his distilled water ‘‘extract’’ of Echinid eggs he believed 
to be due to mono-sodium and mono-calcium phosphate. The acidity in these 


experiments was due to the carbon dioxide production of the eggs, for the ‘‘egg 
water’’ of eggs that had stood in sea water for but short periods of time was used. 
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which has stood over eggs combines both the effects of an acid, 
(aggregation) and also an alkali (agglutination) on the sperma- 
tozoa”’ (Lillie, F. R., 1913, p. 549). The acidity is due to the 
carbon dioxide that the eggs give forth into the sea water together 
with any other substances that they may secrete. This carbon 
dioxide may be removed, and the hydrogen ion concentration of 
the ‘“‘egg water” decreased. In that case the ability of the ‘‘egg 
water” to preserve the life of the sperm is much decreased, but is 
still greater than is that of sea water of exactly the same hydrogen 
ion concentration. An experiment comparing the effects of egg 
waters and of sea waters of different hydrogen ion concentrations 
illustrates this relationship. 


TABLE XVI. 


THe Errect oF “EGG WATER” AT DIFFERENT HYDROGEN ION CONCENTRATIONS 
UPON THE LENGTH OF LIFE OF SPERMATOZOA. 


Experiment 217. 


Ege Water. Sea Water. 
COs Tension. CO, Tension. 
: Age of Sperm. 1.1. 0.8, 1.1. -3- 
Conc othe a Time of In- ——_——— — 
tion o > 4 
Suspension. semination, Hydrogen Potential. Hydrogen Potential 
7:5 7-7: 7:5: 8.0. 
Hrs. Min, Percentage of Eggs Fertilized when One Drop Sperm 
Added to Five Drops Eggs in 5 C.c, Sea Water. 
0.1% 2.45 0 0 
3-00 oO 15 100 100 100 98 
5.00 2 5 100 97 85 17 
6.00 3 15 100 96 70 8 
7.00 4 I 100 65 15 oO 
8.00 5 I5 100 47 14 oO 
9.15 6 30 gI 13 I Oo 


That the ability of “‘egg water’ to preserve the life of sper- 
matozoa is greater than is that of sea water of exactly the same 
hydrogen ion concentration is probably in large measure due to 


1 Preparation of egg water: 3 c.c. of eggs that had been strained into sea water 
at 10 A.M. were allowed to stand in 75 c.c. of sea water until 12.30 P.M. 70 c.c. 
of the supernatent fluid were then decanted and divided into two 35 c.c. solutions. 
The hydrogen potential was 7.5, which corresponds to a CO: tension of 1.14 mm. 
The COs tension of the one solution was slightly decreased by passing room air 
through it until the hydrogen potential was about 7.65 and the CO: tension 0.85 mm. 














STUDIES IN THE PHYSIOLOGY OF 





SPERMATOZOA. 2IiI 


the higher carbon dioxide and hydrogen ion concentration that 
is soon reached as a result of the tremendous activity of sperma- 
tozoa in ‘‘egg water.’”! 

After removal of the carbon dioxide, ‘“‘egg water’”’ can still 
agglutinate sperm.” 

Schiicking also found that: ‘‘Zwei Tropfen des nicht dialy- 
sirten sauren Extracts oder ein bis zwei Tropfen des Riickstandes 
vom Dialysat, mit einem Tropfen 3 per cent. iger NaxCO; Lésung 
und fiinf Tropfen destillirten Wassers agglutinirten das Sperma 
noch, obgleich sie neutrale Reaction zeigten’’ (Schiicking, A., 
1903, p. 61). Accordingly spermatozoa that are added to egg 
water, where they are very active, produce a large amount of 
carbon dioxide. This is also true when spermatozoa are put into 
alkaline sea water. Unlike the former case, however, the carbon 
dioxide produced is not so effectively neutralized in the case of 
egg water, and the acidity of the solution rapidly increases. This 
is followed, as has been shown, by a decreased activity on the 
part of spermatozoa and a consequent increase in the length of 
their life. 

The effect of egg water upon the fertilizing power of sperma- 
tozoa, is, therefore, not so very dissimilar to the effect of the other 


1 The writer is aware of several other possible interpretations of the observation, 
that (a) the ability of ‘‘egg water’’ to preserve the life of the sperm is greater than 
is sea water of exactly the same hydrogen ion concentration and that (b) a very 
concentrated ‘“‘egg water’’ will often be less effective in preserving life than a less 


concentrated “‘egg water.’ For if the “agglutinating substance’’ be protein 
in character, as the investigation of Schiicking (Schiicking, A., 1903) (who found 
the “‘agglutinating substance” in the undializable fraction of an egg extract) and 
of Richards & Woodward (Richards, A., and Woodward, A. E., 1915) suggests 
the ‘Studies in the Fertilization of the Eggs of a Sea Urchin (Strongylocentrotus 
purpuratus) by Blood-Sera, Sperm, Sperm-Extract, and other Fertilizing Agents” 
of T. B. Robertson (1912) may possibly explain these observations. He observed 
that the “potency of the serum”’ in initiating either the cytolysis or the develop- 
ment of the egg ‘obtains a maximum at a dilution of about 1/16’’ and that “‘serum 
of this dilution frequently agglutinates the eggs, causing them to aggregate in large 
clumps within a few seconds’’ (Robertson, T. B., 1912, p. 71). In higher con- 
centration the proteins inhibit the imbibition of water by the eggs. 


2 That the “agglutination’”’ phenomenon is not independent of the hydrogen 
ion concentration of the solution has been shown by Loeb. In acid solution 
where the sperm are inactive, the ‘“‘agglutination’’ cannot occur. The “‘agglutina- 
tion” is strongest in solutions slightly more acid than is ordinary sea water but 


‘the clusters’’ disappear the more rapidly the more alkaline the solution. 





212 EDWIN J. COHN, 


substances that have been studied, and can best be understood 
by analyzing the effect of egg water upon the physiological con- 
dition of spermatozoa. That spermatozoa are activated to an 
exceptional degree by a secretion from the egg has clearly been 
demonstrated by the work of all of the investigators who have 
been quoted. It may be that the fertilizing power of spermatozoa 
that are added to eggs in sea water during this period of activa- 
tion is increased in much the same way that the fertilizing power 
of spermatozoa is increased for a short period of time by decreas- 
ing the hydrogen ion concentration (increasing the alkalinity) of 
sea water. If the sperm are added to eggs after they have be- 
come inactive, the percentage of eggs that are fertilized depends 
upon the degree of inactivity and the degree of reactivation 
(such as is brought about by a transfer to sea water without a 
high carbon dioxide tension) which the experimental conditions 
afford. The sooner the sperm become inactive and the more 
completely inactive they become the longer their life. Thus, 
excepting for the initial period of activation, the effect of “ egg 
water” upon the length of life of the spermatozodn is essentially 
that of a solution of optimal hydrogen ion concentration. The 
hydrogen ion concentration of the ‘‘egg waters’”’ that is most 
effective in preserving the life of the sperm is precisely that of 
the acidified sea water that best subserves the same function. 
In the “egg water” this hydrogen ion concentration is reached 
as a result either of the carbon dioxide produced by eggs and 
eliminated into the “egg water” or that produced by sperma- 
tozoa during the period of their greatest activity. 


XII. SUMMARY. 


1. The total available energy of spermatozoa, as measured by 
total carbon dioxide production, is a constant. 


2. The rate at which the total available energy is expended is a 
function of the activity and an inverse function of the length of 
life of spermatozoa 

3. The activity and the length of life of spermatozoa is a func- 
tion of the temperature, and of the hydrogen ion concentration 
of the suspension. Up toa certain point decreasing the tempera- 
ture or increasing the hydrogen ion concentration decreases the 
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activity and increases the length of life of spermatozoa. Lower 
temperatures or greater acidities destroy spermatozoa, and the 
more so the longer they are subjected to these abnormal media. 
Conversely, within limits, decreasing the hydrogen ion con- 
centration or increasing the temperature increases the activity 
and decreases the length of life of spermatozoa. Further in- 
crease in temperature or in alkalinity irreversibly agglutinates 
spermatozoa. 

4. The ability of spermatozoa to fertilize eggs of the same 
species is a function of their activity (as measured by their carbon 
dioxide production, or its converse, their length of life). Sper- 
matozoa lose their power to fertilize as a function of the time of 
insemination, and of the dilution and of the hydrogen ion con- 
centration of the suspension. If spermatozoa that have been 
in the suspension for but a short time are added to eggs in a large 
volume of sea water a decrease in the hydrogen ion concentration 
of the sperm suspension (that is, an increase in the alkalinity) 
increases the activity and the fertilizing power of the sperma- 
tozoa. Such spermatozoa will, however, lose their power to 
fertilize when transferred to ripe eggs in sea water long before 
spermatozoa that have been relatively inactive in more acid 
sperm suspensions. 

5. If spermatozoa that have been at the same hydrogen ion 
concentration are added to eggs in sea water at the same time, 
increasing the concentration of spermatozoa increases the per- 
centage of eggs that are fertilized. This may be explained either 
by assuming that in the greater concentration more spermatozoa 
will on the average arrive at the periphery of the egg with suffi- 
cient action (having the dimensions of energy X time) to initiate 
development, or by assuming that mass action of spermatozoa 
may be effective in initiating the development of the sea urchin 
egg. The latter explanation has been suggested by Glaser, who 
pointed out that the further assumption that more than one 
spermatozoén was necessary “‘to carry out the bi-parental effect”’ 
was not involved. 

6. Increasing the carbon dioxide concentration increases the 
hydrogen ion concentration of the suspension, decreases the 
activity of spermatozoa and increases the length of their life. 
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Sea water of the optimum carbon dioxide concentration for in- 
creasing the length of life of spermatozoa is also of the optimum 
hydrogen ion concentration. It is possible, however, that carbon 
dioxide affects the physiological condition of spermatozoa other- 
wise than by means of ionized hydrogen. 

7. That decreasing the oxygen concentration of sea water 
or decreasing the oxidations of spermatozoa by adding KCN to 
sea water increases the length of their life has been reported by 
Drzewina and Bohn. Experiments confirming their results and 
demonstrating that under such conditions sperm are relatively 
inactive are reported. 

8. Spermatozoa increase the carbon dioxide and, therefore, 
the hydrogen ion concentration of concentrated sperm suspen- 
sions to the optimum for decreasing their own activity in a very 
short time. In such suspensions sperm live for a very long time. 
McClendon has recently estimated that respiration in sea water 
that raises the carbon dioxide and the hydrogen ion to a concen- 
tration approximately equal to that which is most effective in 
prolonging the life of a sperm suspension, uses up all of the avail- 
able oxygen. It is therefore suggested that high carbon dioxide 
and hydrogen ion concentration and low oxygen concentration 
are the environmental conditions that obtain in a concentrated 
sperm suspension. These conditions approximate those of ripe 
sperm in the testes very much more closely than they do those 
of sperm that are shed in the ocean. 

9g. The addition of beef broth to sea water increases the length 
of life of the spermatozoa. Gemmill suggested that beef broth 
furnished ‘‘artificial nutrition.’’ It is pointed out that the addi- 
tion of beef broth to sea water increases the hydrogen ion con- 
centration and decreases the activity of spermatozoa. 

10. Sea water that has contained the eggs of the sea urchin, 
Arbacia, tremendously activates spermatozoa. It may be that 
the fertilizing power of spermatozoa that are added to eggs in 
sea water during this period of activation is increased in much the 
same way that the fertilizing power of spermatozoa is increased 
for a short period of time by decreasing the hydrogen ion con- 
centration (increasing the alkalinity) of sea water. 

Subsequent to the period of activation spermatozoa become 
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inactive in egg water. Such egg water has a high hydrogen ion 
concentration. This is reached as a result either of the carbon 
dioxide produced by eggs and eliminated into the sea water, or 
by spermatozoa during the period of their greatest activity. If 
spermatozoa are added after they have become inactive, the per- 
centage of eggs that are fertilized depends upon the degree of 
inactivity and the degree of reactivation (such as is brought 
about by transferring spermatozoa to sea water without high 
hydrogen ion or carbon dioxide concentration) which the experi- 
mental conditions afford. The sooner spermatozoa become 
inactive and the more completely inactive they become, the 
longer their life. The hydrogen ion concentration of egg water 
that is most effective in preserving the life of spermatozoa is 


precisely that of acidified sea water that best subserves the same 
function. 


Other effects of egg water upon the physiological condition of 
spermatozoa have not been considered in this investigation. 
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